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ABSTRACT
The assembly, mechanics, and structure of actin cytoskeleton are critical for eukaryotic cellular
processes such as structural support, cellular motility, and intracellular transport. Actin assembly
occurs in crowded intracellular environments containing many ions and macromolecules. While
the individual roles of cation and crowding on actin assembly and mechanics are well established,
how the combined cation and crowding effects modulate the formation, mechanics and structural
transitioning of actin filaments and bundles are not fully understood. Here, we investigate the
impacts of various cation and crowded environments on the bending stiffness, length, organization,
secondary structure, and kinetics of actin filaments and bundles. Fluorescence microscopy and
biophysical analysis of filaments in crowding indicates an increase to filament bending stiffness
and reductions in length, while molecular dynamics (MD) simulations demonstrate crowding alters
filament conformations and inter-subunit contacts. Direct visualization and analysis of bundle
stiffness and geometry by fluorescence imaging and atomic force microscopy (AFM) show
changes to bundle longitudinal and transverse mechanics as well as bundle packing, displaying a
dissimilar dependence on either cation or crowding conditions. Furthermore, spectroscopy results
illustrate bundles experience changes to secondary structure and hydrogen bonding with shifts
from α-helices to β-sheets supporting observed bundle stiffness in cation and crowded
environments. In addition, bundle assembly kinetics demonstrate that bundle formation is sensitive
to variations in electrostatic and crowding conditions, potentially influencing bundle mechanics
and structure. These investigations suggest that cation and crowding effects may work
counteractively leading to alterations in bundle formation, mechanics, and structure.
Keywords: macromolecular crowding, cations, mechanics, secondary structure, organization, assembly

iii

ACKNOWLEDGEMENTS
This dissertation was possible due to the help and support of my chair and mentor Dr. Ellen Hyeran
Kang and the support of all the Kang lab members and collaborators. I would like to thank my
committee members, Dr. Laurene Tetard, Dr. Claudia Andl, and Dr. Kiminobu Sugaya who
offered their guidance and support throughout the dissertation process. Furthermore, the research
performed, and the results achieved in this dissertation were made possible with the collaborative
effort across multiple scientific disciplines and cultures. I would like to thank Dr. Myeongsang
Lee for his collaboration and computational knowledge in determining alterations to actin
structure. I would like to thank Jinho Park, Bryan Demosthene, Pavlo Kravchuk, Claire Toland
and the Kang Lab members for their efforts and support throughout the dissertation. I would like
to thank Dr. Michael Molinari, Briana Lee, and Cecile Feuillie for their insight and knowledge
allowing for our enhanced understanding of actin bundles structure on the nanoscale. I want to
thank the University of Central Florida and the Burnett School of Biomedical Sciences Ph.D.
program for allowing me the opportunity to express my scientific curiosity throughout the years
within the program. In addition, I would like to thank the National Science Foundation CAREER
Grant (#1943266) and Chateaubriand Fellowship along with the University of Bordeaux for
providing the necessary resources and funding as well as the opportunity to pursue uncharted
scientific endeavors in the field of actin. Finally, I would like to thank my family and friends who
have provided their love and support throughout the dissertation process and allowed for me to
create a lasting foundation in the field of biomedical science.

iv

TABLE OF CONTENTS

LIST OF FIGURES ............................................................................................... viii
LIST OF TABLES ................................................................................................. xvi
LIST OF ACRONYMS/ABBREVIATIONS ....................................................... xvii
CHAPTER 1: GENERAL INTRODUCTION AND RESEARCH OBJECTIVES ..1
1.1 The Actin Cytoskeleton ......................................................................................................... 1
1.1.1 Actin Filament Assembly and Bundle Formation ........................................................................ 2
1.1.2 Actin Mechanics and Structure .................................................................................................... 4

1.2 Macromolecular Crowding and Counterion Condensation Interactions on Actin ................ 5
1.2.1 Macromolecular Crowding and Counterion Condensation .......................................................... 5
1.2.2 Macromolecular Crowding and Counterion Condensation Effects on Actin Filament and
Bundle Mechanics and Structure .......................................................................................................... 6

1.3 Biomedical Implications ....................................................................................................... 7
1.4 Research Objectives ............................................................................................................ 14

CHAPTER 2: ACTIN FILAMENT MECHANICS AND STRUCTURE IN
CROWDED ENVIRONMENTS .............................................................................19
2.1 Introduction ......................................................................................................................... 19
2.2 Materials and Methods ........................................................................................................ 20
2.2.1 Protein Sample Preparation ........................................................................................................ 20
2.2.2 Fluorescence Microscopy Imaging ............................................................................................ 21
2.2.3 Viscosity Measurement .............................................................................................................. 22
2.2.4 Filament Bending Mechanics and Length Distribution Analysis .............................................. 22
2.2.5 Molecular Dynamics (MD) Simulations .................................................................................... 24
2.2.6 Filament Conformation and Structure Analyses from MD Simulations .................................... 25
2.2.7 Excluded Volume Fraction Calculation ..................................................................................... 27

2.3 Results ................................................................................................................................. 27
2.3.1 Molecular Crowding Modulates Filament Thermal Bending .................................................... 27
2.3.2 Molecular Crowding Enhances Filament Bending Stiffness and Shortens Average Filament
Length ................................................................................................................................................. 28
v

2.3.3 Molecular Crowding Induces Conformational Changes in Actin Filaments ............................. 30
2.3.4 Molecular Crowding Affects Structural Properties of Actin Filaments ..................................... 31

2.4 Discussion ........................................................................................................................... 33
2.5 Conclusion........................................................................................................................... 35

CHAPTER 3: COUNTERACTIVE EFFECTS OF CATIONS AND CROWDING
ON ACTIN BUNDLE MECHANICS AND SECONDARY STRUCTURE .........45
3.1 Introduction ......................................................................................................................... 45
3.2 Materials and Methods ........................................................................................................ 46
3.2.1 Protein Purification and Sample Preparation ............................................................................. 46
3.2.2 TIRF Microscopy Imaging......................................................................................................... 47
3.2.3 Actin Bundle Bending Persistence Length (Lp), Flexural Rigidity (𝜅), and Young’s Modulus
(E) Calculation .................................................................................................................................... 48
3.2.4 Actin Bundle Length Analysis ................................................................................................... 49
3.2.5 Surface Preparation and Atomic Force Microscopy (AFM) ...................................................... 50
3.2.6 Fourier Transform Infrared (FTIR) Spectroscopy ..................................................................... 51

3.3 Results ................................................................................................................................. 52
3.3.1 Cation-induced Bundle Mechanics and Geometry are Regulated by Macromolecular Crowding
............................................................................................................................................................ 52
3.3.2 Cation-induced Bundle Secondary Structure is Modulated by Macromolecular Crowding ...... 54
3.3.3 Depletion-induced Bundle Mechanics and Organization are Impacted by Cation Interactions 56
3.3.4 Depletion-induced Bundle Secondary Structure is Minimally Impacted by Cation Interactions
............................................................................................................................................................ 58

3.4 Discussion ........................................................................................................................... 59
3.5 Conclusion........................................................................................................................... 64

CHAPTER 4: EFFECTS OF ELECTROSTATIC AND DEPLETION
INTERACTIONS ON ACTIN BUNDLE NANOMECHANICS AND
ORGANIZATION ...................................................................................................74
4.1 Introduction ......................................................................................................................... 74
4.2 Atomic Force Microscopy Theory and Imaging Modes ..................................................... 75
4.2.1 Peak Force Tapping-Quantitative Nanomechanical Measurements .......................................... 77

4.3 Materials and Methods ........................................................................................................ 78
4.3.1 Sample Preparations................................................................................................................... 78
4.3.2 Atomic Force Microscopy (AFM) and Nanomechanics Analysis ............................................. 79
vi

4.3.3 Statistical Analysis ..................................................................................................................... 80

4.4 Results ................................................................................................................................. 80
4.4.1 Cation-induced Bundle Height and Young’s Modulus are Modulated in Crowded
Environments ...................................................................................................................................... 80
4.4.2 Depletion-induced Bundle Height and Young’s Modulus are Influenced by Ionic Environments
............................................................................................................................................................ 82

4.5 Discussion ........................................................................................................................... 84
4.6 Conclusion........................................................................................................................... 86

CHAPTER 5: ELECTROSTATIC AND DEPLETION INTERACITONS
MODULATE ACTIN BUNDLE ASSEMBLY KINETICS ...................................93
5.1 Introduction ......................................................................................................................... 93
5.2 Materials and Methods ........................................................................................................ 94
5.2.1 Actin Pyrene Sample Preparation .............................................................................................. 94
5.2.2 Actin Bundle Polymerization Assay .......................................................................................... 95
5.2.3 TIRF Microscopy Imaging and Flow Cell Preparation.............................................................. 95

5.3 Results ................................................................................................................................. 97
5.3.1 Polymerization Kinetics of Cation-induced Actin Bundle Assembly is Modulated by
Macromolecular Crowding ................................................................................................................. 97
5.3.2 Real-time Imaging of Cation-induced Actin Bundle Assembly In Macromolecular Crowded
Environments ...................................................................................................................................... 98

5.4 Discussion ......................................................................................................................... 100
5.5 Conclusion......................................................................................................................... 102

CHAPTER 6: CONCLUSION & FUTURE OUTLOOK .....................................116
APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2 .................118
APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3 .................130
APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4 .................146
APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER 5 .................152
APPENDIX E: DEFENSE ANNOUNCEMENT AND PUBLICATIONS ..........156
APPENDIX F: COPYRIGHT PERMISSIONS ....................................................159
REFERENCES.......................................................................................................162
vii

LIST OF FIGURES
Figure 1-1. Representation of actin polymerization in presence of salt and adenosine triphosphate
(ATP). Actin monomer structure depicts four subdomains. In the presence of salt and ATP
hydrolysis, G-actin spontaneously binds to form an elongating F-actin where G-actin associates
to the barbed (+)-end and dissociates at the (-)-end of the filament. F-actin can be crosslinked by
various methods such as crowding, cations, and actin binding proteins to form higher-ordered
actin bundles. G-actin monomer model [40] (G-actin PDB ID: 1J6Z) and Galkin model of a 3-D
reconstruction actin filament at a resolution of ~4.7 nm [46] (F-actin PDB ID: 3J8I)................. 10
Figure 1-2. Schematic representation of actin filament assembly nucleation phase, elongation
phase, and steady-state phase with ATP-actin. Actin monomers bound by ATP bind to the barbed
end (+) of the filament and dissociate at the pointed end (-). The filament reaches equilibrium
when the same number of monomers associated to the (+)-end are dissociated at the (-)-end. ... 11
Figure 1-3. Representation of actin filament mechanical properties. (A) Fluorescently labeled
actin filaments demonstrating filament bending thermal fluctuations. (B) Torsional and twistbending coupling of actin filaments, such that filament bending promotes filament twist. This
figure was adapted from reference: [2] ......................................................................................... 12
Figure 1-4. Schematic representation of volume exclusion in a macromolecular crowded
environment. The total volume is composed of excluded (pink) and available (blue) volume that
is occupied by newly added molecules. The molecules are either small (A) or comparable in size
(B) to the background molecules. This figure was reproduced with permission from Copyright
Elsevier Reference: [89] ............................................................................................................... 13

viii

Figure 2-1. Schematic of actin filament bending in dilute and crowded environments. Left image
demonstrates a thermally fluctuating filament in dilute buffer condition. Right image represents a
filament in a highly crowded environment consisting of various proteins and other molecules. . 36
Figure 2-2. Representative time-lapse images of thermally fluctuating filaments in the presence
of molecular crowding agents. Filaments were constrained to a shallow chamber (~1 µm) which
prevented rotation and kept them in plane of focus. Images are separated by 6 sec time intervals
for a total of 1 min time-lapse. Polymerization of filaments by buffer: 1X KMI (50mM KCl,
2mM MgCl2, 10mM Imidazole at pH 7.0, 1mM ATP and 1mM DTT). Concentration of
molecular crowding solutions are in mass % (w/w%). Scale bars indicate 5 μm......................... 37
Figure 2-3. Filament bending mode amplitudes are modulated by molecular crowding agents.
The amplitudes of 10 bending modes from filaments represented in Fig. 2-2 as a function of time
within each subpanel (t = 60sec). The variance within each of the mode amplitudes demonstrates
an independent estimate of the filament flexural rigidity. (a) control, (b) PEG 1% w/w, (c) PEG
2% w/w, (d) PEG 3% w/w, (e) sucrose 2% w/w, (f) sucrose 10% w/w, (g) sucrose 30% w/w, (h)
sucrose 40% w/w, and (i) sucrose 50% w/w................................................................................. 38
Figure 2-4. Molecular crowding agents modulate bending stiffness of actin filaments. (a)
Bending Lp of filaments (mode number, 2) in various polyethylene glycol (PEG) 8k and sucrose
concentrations. Bending Lp plotted as a function of filament length with crowding agents (b)
PEG 8k and (c) sucrose. Dashed lines represent the average filament crowding Lp and dotted line
is the average filament control Lp. (n.s. not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). N
≈ 7 filaments per condition and uncertainty bars represent the standard deviation (SD). ............ 39
Figure 2-5. Average steady-state filament length is modulated in the presence of molecular
crowding. The box represents the 25th–75th percentile, whiskers indicate standard deviation

ix

(SD), and the middle square is the mean. Tukey test indicated significant difference in
comparison (p < 0.05). Total number of filaments analyzed per each condition N ≈ 100 – 400
(n.s. not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). ....................................................... 40
Figure 2-6. Conformational and geometrical analyses of actin filaments (F-actin) in the presence
of molecular crowders polyethylene glycol (PEG) and sucrose after 50 ns molecular dynamics
(MD) simulations. Conformations of (a) F-actin without molecular crowders, (b) F-actin with
PEG, and (c) F-actin with sucrose. Geometrical analyses analyzing the probability of filament (d)
length, (e) width, (f) radius of gyration (Rg), and (g) twist angle (θ). Second order polynomial
function of exponential model used for distribution curves (d)-(g). ............................................. 41
Figure 2-7. Molecular crowders affect the number of hydrogen bonds formed by residue pairs at
longitudinal and lateral contacts during 50 ns MD simulations. (a) M44:G168, (b) K61:E167, and
(c) R62:D288 belong to longitudinal contacts, and (d) K113:E195 is located lateral contact. .... 42
Figure 3-1. Macromolecular crowding modulates cation-induced actin bundle bending
persistence length. Representative TIRF microscopy images of cation-induced actin bundles in
(A) 2-35% w/w Ficoll and 1-10% w/w PEG (scale bar = 10 μm). The insets for each TIRF image
are zoom-ins of bundles (scale bar = 5 μm). Bending persistence length (Lp) of cation-bundles
when subjected to various concentrations of (B) Ficoll 2-35% w/w or (C) PEG 1-10% w/w. The
box represents the 25th−75th percentile, whiskers indicate standard deviation (SD), the middle
line is the median, and the middle square is the mean. Tukey test indicated significant difference
to bundles in comparison of Lp (n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total
number of bundles analyzed per condition for Lp is N ≈ 100−300. .............................................. 65
Figure 3-2. Macromolecular crowding alters cation-induced actin bundle width. (A)
Representative AFM images of cation-induced actin bundles in 1-10% w/w Ficoll and 1-10%

x

w/w PEG. Cation-bundle width when subjected to various concentrations of (B) Ficoll 1-10%
w/w or (C) PEG 1-10% w/w. Tukey test indicated significant difference to bundles in
comparison of width (n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total number of
bundles analyzed per condition for width is N ≈ 30. Scale bar = 400 nm. ................................... 66
Figure 3-3. Macromolecular crowding modulates cation-induced actin bundle secondary
structure. (A-B) Secondary structure content (α-helix and β-sheet) of cation-induced bundles in
2-35% w/w Ficoll. (C-D) Secondary structure content (α-helix and β-sheet) of cation-induced
bundles in 1-10% w/w PEG. Determination of the secondary structures of cation-induced
bundles in Ficoll and PEG were acquired according to the deconvoluted amide I band spectra. 67
Figure 3-4. Varying cation concentrations can influence depletion-induced bundle bending
persistence length. Representative TIRF microscopy images of depletion-induced actin bundles
in 10-50 mM Mg2+ (scale bar = 10 μm). The insets for each TIRF image are zoom-ins of bundles
(scale bar = 5 μm). Bending persistence length (Lp) of (C) Ficoll and (D) PEG depletion-bundles
in various ionic concentrations (10-50 mM) of Mg2+. The box represents the 25th−75th percentile,
whiskers indicate standard deviation (SD), the middle line is the median, and the middle square
is the mean. Tukey test indicated significant difference to bundles in comparison of Lp (n.s. not
significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total number of bundles analyzed per
condition for Lp is N ≈ 100−300. .................................................................................................. 68
Figure 3-5. Depletion-induced bundle width can be modulated in the presence of varying cation
concentrations. (A) Representative AFM images of depletion-induced actin bundles in varying
[Mg2+] (10-50 mM). (B-C) Depletion-bundle width when subjected to various concentrations of
Mg2+. Tukey test indicated significant difference to bundles in comparison of width (n.s. not

xi

significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total number of bundles analyzed per
condition for width is N ≈ 30. Scale bar = 400 nm. ...................................................................... 69
Figure 3-6. Depletion-induced bundle secondary structure is minimally affected by ionic
environments. (A-B) Secondary structure content (α-helix and β-sheet) of Ficoll-induced bundles
in 10-50 mM Mg2+. (C-D) Secondary structure content (α-helix and β-sheet) of PEG-induced
bundles in 10-50 mM Mg2+. Determination of the secondary structures of depletion-induced
bundles in Mg2+ were acquired according to the deconvoluted amide I band spectra. ................ 70
Figure 3-7. Proposed mechanisms for the counteractive effects of depletion and electrostatic
forces on actin bundling. (A) Cation-induced bundles are impacted by the addition of
macromolecular crowding, leading to enhanced bundle width. (B) Ficoll-induced bundles can
sustain their size with increasing of electrostatic interactions maintaining bundle size until the
highest [Mg2+]. (C) PEG-induced bundle are affected by the presence of varying cation
concentrations demonstrated by an increase in the width of bundles. All bundles are shown from
top-view. ....................................................................................................................................... 71
Figure 4-1. Schematic diagram of AFM setup. Components of AFM include: a cantilever, laser
source, photodiode detector, and controller. The setup measures tip-bundle interactions by
measuring alterations to cantilever deflections caused by variations in bundle topography. ....... 87
Figure 4-2. Schematic representation of Peak Force Tapping-Quantitative Nanomechanical
Measurements mode. (a) Trajectory of the cantilever tip with the sample surface. (b) Plot
demonstrating the force and position of the cantilever as a function of time where, 1 is movement
of the cantilever to the sample, 2 is contact of the cantilever to the sample, 3 is peak force
applied to the sample by the cantilever, 4 is withdrawal movement of the cantilever, and 5 is
complete withdraw of the cantilever from the surface. (c) Schematic of a force-distance curve

xii

which is collected during each of the tapping cycles. The figure was adapted from reference:
[209] .............................................................................................................................................. 88
Figure 4-3. Cation-induced bundle AFM imaging and nanomechanical analysis in
macromolecular crowded environments. (A) Representative AFM images of cation-induced
bundles in the absence and presence of increasing concentrations of Ficoll (1-10% w/w) or PEG
(1-10% w/w). [Actin bundle] ≈ 15 µM and scale bar = 400 nm. (B) Representative force curves
revealing the elastic behavior of cation-induced bundles. (C) Histogram of cation-induced bundle
control 𝐸 obtained from force curves measurements along the bundle. The distribution of 𝐸 is fit
with Gaussian function (solid line). Total number of force curves analyzed N ≈ 150. ................ 89
Figure 4-4. Cation-induced bundle 𝐸 in the absence and presence of varying macromolecular
crowded environments. Quantification of bundle 𝐸 in (A) Ficoll (1-10% w/w) or (B) PEG (110% w/w) conditions. Cation-induced bundle 𝐸 was fitted using Hertz model and significant
difference to bundles determined by Tukey test (n.s. not significant, *p < 0.05, **p < 0.01, ***p
< 0.001). Total number of force curves analyzed per condition N ≈ 150. .................................... 90
Figure 4-5. Depletion-induced actin bundle AFM imaging and nanomechanical analysis. (A-B)
Representative AFM images of depletion-induced bundles in the absence and presence of
increasing [Mg2+] (10-50 mM Mg2+). (A) 20% w/w Ficoll bundles + 10-50 mM Mg2+ and (B)
5% PEG bundles + 10-50 mM Mg2+. [Actin bundle] ≈ 15 µM and scale bar = 400 nm. (C)
Representative force curves of Ficoll-induced bundle control demonstrating Ficoll-induced
bundle elastic behavior. (D) Histogram of Ficoll-induced bundle control 𝐸 acquired from force
curves measurements along the bundle. The distribution of 𝐸 is fit with Log-normal function
(dashed line). Total number of force curves analyzed N ≈ 150. ................................................... 91

xiii

Figure 4-6. Depletion-induced bundle 𝐸 in the absence and presence of varying [Mg2+].
Quantification of (A) Ficoll-induced or (B) PEG-induced actin bundle 𝐸 in 10-50 mM Mg2+
conditions. Depletion-induced bundle 𝐸 was fitted using Hertz model and significant difference
to bundles determined by Tukey test (n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001).
Total number of force curves analyzed per condition N ≈ 150. ................................................... 92
Figure 5-1. Cation-induced actin bundle polymerization is modulated by the presence of varying
ionic concentrations. Pyrene labeled actin monomers (20% labeled, [actin] = 5 μM) was
subjected to increasing concentrations of Mg2+ (10-50 mM) in dilute buffer conditions. Data is
an average of N = 3 trials and time = 2 hrs. Polymerization of bundles by buffers: 1X MI (10-50
mM MgCl2, 10 mM Imidazole pH 7.0, 1 mM ATP, and 1 mM DTT). ...................................... 104
Figure 5-2. Macromolecular crowding agent Ficoll alters the assembly of cation-induced actin
bundles. (A) 10 mM Mg2+-induced bundles, (B) 30 mM Mg2+-induced bundles, and (C) 50 mM
Mg2+-induced bundles in 1-5% w/w Ficoll. Pyrene labeled actin monomers (20% pyrene labeled)
[5 μM] was subjected to increasing concentrations of Ficoll (1-5% w/w). Data is an average of N
= 3 trials and time = 2 hrs. .......................................................................................................... 105
Figure 5-3. Macromolecular crowding agent PEG influences the assembly of cation-induced
actin bundles. (A) 10 mM Mg2+-induced bundles, (B) 30 mM Mg2+-induced bundles, and (C) 50
mM Mg2+-induced bundles in 1-5% w/w PEG. Pyrene labeled actin monomers (20% pyrene
labeled) [5 μM] was subjected to increasing concentrations of PEG (1-5% w/w). Data is an
average of N = 3 trials and time = 2 hrs...................................................................................... 106
Figure 5-4. Varying [Mg2+] modulates the assembly of actin bundles. Actin monomers (20%
Alexa and 0.5% Biotin labeled) [5 μM] were subjected to increasing concentrations of [Mg2+]

xiv

(10-50 mM). Red circles indicate regions of initial bundle formation. Scale bar = 20 µm and
time-lapse = 20 mins. .................................................................................................................. 107
Figure 5-5. Cation-induced actin bundle formation in varying Ficoll environments. 10 mM Mg2+induced bundles in (A) + 1% w/w Ficoll, (B) + 3% w/w Ficoll, and (D) + 5% w/w Ficoll. Red
circles indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm. .............. 108
Figure 5-6. Assembly of cation-induced actin bundle in varying Ficoll. 30 mM Mg2+-induced
bundles in (A) + 1% w/w Ficoll, (B) + 3% w/w Ficoll, and (D) + 5% w/w Ficoll. Red circles
indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm. .......................... 109
Figure 5-7. Assembly of cation-induced actin bundle in varying Ficoll. 50 mM Mg2+-induced
bundles in (A) + 1% w/w Ficoll, (B) + 3% w/w Ficoll, and (D) + 5% w/w Ficoll. Red circles
indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm. .......................... 110
Figure 5-8. Cation-induced actin bundle formation in varying PEG environments. 10 mM Mg2+induced bundles in (A) + 1% w/w PEG, (B) + 3% w/w PEG, and (D) + 5% w/w PEG. Red
circles indicate regions of aggregate or bundle formation. [Actin] = 5 µM and scale bar = 20 µm.
..................................................................................................................................................... 111
Figure 5-9. Cation-induced actin bundle formation in varying PEG environments. 30 mM Mg2+induced bundles in (A) + 1% w/w PEG, (B) + 3% w/w PEG, and (D) + 5% w/w PEG. Red
circles indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm. .............. 112
Figure 5-10. Cation-induced actin bundle formation in varying PEG environments. 50 mM Mg2+induced bundles in (A) + 1% w/w PEG, (B) + 3% w/w PEG, and (D) + 5% w/w PEG. Red
circles indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm. .............. 113

xv

LIST OF TABLES
Table 2-1. Comparison of calculated averaged longitudinal contact area, lateral contact area, and
solvent accessible surface buried area (SASA) of DNase binding loop (D-loop) from last 5ns of
MD simulations. Data indicates modulations in D-loop conformation in the absence and presence
of molecular crowding agent polyethylene glycol (PEG) or sucrose. Buried SASA values are
determined by the outside and inside regions of the D-loop (see details in Methods). ................ 43
Table 2-2. The average number of hydrogen bonds formed by residue pairs at longitudinal and
lateral contacts after 50 ns equilibrium MD simulations. ............................................................. 44
Table 3-1. Quantification of α-helix, β-sheet, aggregates, random coils, turns and loops in cationinduced actin bundles in the presence of macromolecular crowding. 30 mM Mg2+ bundles in 235% w/w Ficoll or 1-10% w/w PEG............................................................................................. 72
Table 3-2 Quantification of α-helix, β-sheet, aggregates, random coils, turns and loops in
depletion-induced actin bundles in the presence of varying [Mg2+]. 20% w/w Ficoll or 5% w/w
PEG depletion-induced bundles in 10-50 mM Mg2+. ................................................................... 73
Table 5-1. Quantification of apparent elongation rates (a.u.) of cation-induced actin bundles in
the absence (control) or presence of varying Ficoll crowded environments. ............................. 114
Table 5-2. Quantification of apparent elongation rates (a.u.) of cation-induced actin bundles in
the absence (control) or presence of varying PEG crowded environments. ............................... 115

xvi

LIST OF ACRONYMS/ABBREVIATIONS
< C(s) >

Average Angular Correlation

2-D

2-dimensional

3-D

3-dimensional

ABP

Actin Binding Protein

ADP

Adenosine Di-Phosphate

ADP + Pi

Adenosine 5’-diPhosphate + inorganic phosphate

AFM

Atomic Force Microscopy

APTES

(3-Aminopropyl)triethoxysilane

ATP

Adenosine Tri-Phosphate

ATR

Attenuated Total Reflectance

Cc

Critical Concentration

CCD

Charged Coupled Device

CKD

Chronic Kidney Disease

Cryo-EM

Cryo-Electron Microscopy

D-loop

DNase-I Binding Loop

ddH20

Double Deionized Water

DTT

Dithiothreitol

E

Young’s Modulus

EGTA

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid

λex

Excitation Wavelength

λem

Emission Wavelength

G-Actin

Globular (Monomer) Actin

xvii

G-Buffer

Actin Monomer Storage Buffer

F-Actin

Filamentous Actin

F-Buffer

Actin Filament Polymerization Buffer

Ficoll

Ficoll 70

FTIR

Fourier Transform Infrared

H-bond

Hydrogen Bond

HCM

Hypertrophic Cardiomyopathy

κ

Flexural Rigidity

kB

Boltzmann’s Constant

Lp

Persistence Length

MD

Molecular Dynamics

MI

Magnesium Chloride and Imidazole

NanoIR

Nano-infrared Spectroscopy

PEG

Polyethylene Glycol

PF

Peak Force Tapping

QNM

Quantitative Nanomechanical Measurements

T

Temperature

TIRF

Total Internal Reflection Fluorescence

WLC

Worm-like Chain

xviii

CHAPTER 1: GENERAL INTRODUCTION AND RESEARCH OBJECTIVES
The central theme of this dissertation is to elucidate the interplay between multiple environmental
factors that can lead to modulations of the actin cytoskeleton and change critical intracellular
processes along with cytoskeletal structure and function. This chapter introduces the background
of the actin cytoskeleton as well as describe the assembly, mechanics, structure, and primary
function of actin in the intracellular environment. The proteins and forces that play a role in the
formation of actin bundles are introduced, such as actin binding proteins (ABPs), counterion
condensation by ionic interactions, and depletion forces through macromolecular crowding.
1.1 The Actin Cytoskeleton
The eukaryotic cytoskeleton is composed of actin filaments (F-actin) which are vital for cellular
migration, division, and structural support of the plasma membrane [1, 2]. The polymerization of
actin can lead to the internalization of membrane vesicles and controlling of membrane interfaces
between intra- and extra-cellular environments [3-5], force generation [2], and contribute to signal
transduction and contacts of neuronal synapses [6, 7]. The actin cytoskeleton is formed through
the non-covalent binding of actin monomers (G-actin) in the presence of salt and ATP hydrolysis
to assemble into F-actin [2]. Filaments can be crosslinked to generate higher-ordered actin bundles,
either by actin crosslinking proteins [8-10] or reductions in surface repulsion [11-13]. The
development of actin architectures, such as filopodia, can be used to probe the extracellular
environment along with serving as precursors for dendrite spines in neurons [14]. In addition, actin
bundles are known to function as mechanosensors that can experience external stimuli and display
adaptive mechanical responses to deformation [15, 16]. The dynamics and regulation of the actin
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cytoskeleton is a primary concern for eukaryotic cells and precise function of the cytoskeleton is
critical for cell survival.
1.1.1 Actin Filament Assembly and Bundle Formation
Actin is a cytoskeletal protein that is comprised of a single polypeptide chain of ~375 amino
acids and a molecular weight of ~42 kDa, consisting of 4 subdomains bound by either ATP, ADP
+ Pi, or ADP at the nucleotide cleft along with an associated divalent cation (Ca2+ or Mg2+) [2]
(Fig. 1-1). In physiological conditions G-actin is tightly bound with Ca2+ and ATP, actin assembly
begins slowly with the spontaneous formation of small actin oligomers, or actin trimers, known as
the nucleation phase (Fig. 1-2). Of note, unfavorable association reactions occur with ATP and
Ca2+ bound-G-actin leading up to trimer formation and defining the trimer as unstable and ratelimiting for actin polymerization [17, 18]. Following the formation of actin nucleus and presented
with the appropriate salt condition [K+ and Mg2+] and cation chelator (EGTA), ATP and Ca2+bound G-actin begins to undergo cation exchange from Ca2+-bound to Mg2+-bound G-actin [17,
18]. However, the process of cation exchange can initiate a plateau phase in polymerization due to
the binding of Ca2+ being stronger than the binding affinity of Mg2+ [19]. The equilibrium
dissociation constant of Ca2+ from G-actin is slow and was determined at ~0.017 sec while for
Mg2+ is ~0.0012 sec [19, 20]. Mg2+-bound G-actin will bind rapidly to the formed nucleus initiating
the process of filament elongation, known as the elongation phase [14, 21]. G-actin binds to the
growing barbed end ((+)-end) while monomers that have undergone ATP hydrolysis dissociate at
the pointed end ((-)-end) of elongating polymer [1, 14, 21] (Fig. 1-2). In the elongation phase, the
association and dissociation rates can differ drastically with the association rate of G-actin at the
barbed end ≈ 11.6 µM-1s-1 and the dissociation rate at the pointed end ≈ 1.4 µM-1s-1 [18, 22].
Importantly, in the elongation phase ATP hydrolysis occurs to the G-actin bound within the
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filament at a rate of ~0.05 sec-1 [23]. Once the elongation phase reaches steady-state equilibrium
(treadmilling) the G-actin concentration is relatively equal for both barbed and pointed end critical
concentrations (Cc) (Fig. 1-2) [1, 21].
Cells incorporate various methods to bundle F-actin, utilizing actin crosslinking proteins [9,
10], macromolecular crowding [11, 24], or cation interactions [12, 13] regulating the formation
and organization of higher-ordered actin architectures. F-actin is considered a polyelectrolyte with
a net negative charge (4 e-/nm) along its surface [25, 26]. This negative charge induces a repulsion
between filaments which needs to be overcome in order to bundle F-actin. A way of overcoming
the charge repulsion of F-actin is to use actin crosslinkers, such as fascin or α-actinin [9, 10]. ABPs
bind to specific binding sites located on F-actin and induce the lateral aggregation of filaments
forming bundles [9, 10]. Macromolecular crowding and counterion condensation can induce the
formation of actin bundles by generating depletion interactions [8, 11, 27, 28] or electrostatic
screening effects [12, 29, 30]. Macromolecular crowding is known to minimize the free energy
between F-actin in order to induce formation of actin bundles [11, 24]. The energy minimization
is caused by reductions in available space and promoting constrained environments that generates
depletion interactions [31]. In comparison, multivalent counterions (Ca2+ or Mg2+) at
comparatively high concentrations can condense F-actin into bundles through reductions in
electrostatic repulsion between filaments [12, 30]. The condensation of F-actin, a known
polyelectrolyte, is described by the polyelectrolyte theory that explains electrostatic attraction of
polymers through charge neutralization and induces lateral aggregation of F-actin to bundles [29].
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1.1.2 Actin Mechanics and Structure
The mechanical properties of the actin cytoskeleton can lead to the formation of lamellipodia
and neuronal growth cones [5, 32] along with propelling the movement and crawling of cells [5].
F-actin networks can demonstrate mechanical properties between that of a pure fluid or an elastic
solid, i.e. viscoelastic, displaying viscoelastic responses dependent on various stress and relaxation
scales [33-35]. On the level of an individual F-actin, filaments can exhibit elastic properties that
are between rigid and fully flexible polymers that can be categorized as “semi-flexible” and
described by using worm-like chain (WLC) model [36, 37]. The WLC model is useful in
considering the end-to-end distance of a polymer and the sum of the unit tangent vectors along the
polymer length describes the bending persistence length (Lp) or polymer bending stiffness [36, 37].
The Lp of F-actin can be obtained from the polymer thermal energy as well as correlation of the
polymer tangent vectors, where Lp is proportional to filament flexural rigidity (𝜅) [36, 37]. F-actin
𝜅 is defined by its resistance to thermal fluctuations, or forces within the bending rod (stretching
and compression) and is equal to the product of the filament Young’s modulus and rod second
moment of inertia (I) [2, 37]. In addition, F-actin is a known double stranded helical biopolymer
and exhibits various elastic properties such as bending, torsional, and twist-bend coupling
elasticities (Fig. 1-3) [2]. Overall, the mechanical properties of F-actin can be determined by its
structure where inter-subunit binding strength and distribution of inter-subunit contacts [38] allow
for resistance to stretching and bending deformations more easily than twisting deformations [2].
The first crystal structure of G-actin was demonstrated by Holmes et al. [39], where the
structure of G-actin consists of 4 subdomains and is divided by a nucleotide cleft that is key for
stabilization of the monomer (Fig. 1-1) [40]. A critical component of G-actin is located in
subdomain 2, known as the DNase-I binding loop (D-loop) (Fig. 1-1) [41]. The D-loop promotes
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monomer-monomer interactions between the D-loop and subdomain 3 of the adjacent monomer
[38, 42]. Through specific cation binding, located at the stiffness cation site in subdomain 2 [42],
remodeling of the actin structure can determine filament bending stiffness [42, 43]. More recently,
Oda et al. demonstrated through X-ray diffraction that the incorporation of G-actin in a filament
induces a flattening of the monomer structure [44]. The structure of F-actin has been determined
by using cryo-electron microscopy (cryo-EM) at both ~6.6 Å [45] and ~4 Å [46] resolutions
providing a detailed view of the helical assembly of actin. Galkin et al. revealed that structural
differences in subdomain 2 of F-actin can promote structural heterogeneity, indicating F-actin
displays an ensemble of structure polymorphisms [47]. The varying F-actin structural states could
have impacts on actin binding protein (ABP) regulatory interactions. For example, Lee et al.
showed through MD simulations that the binding of actin regulatory protein Gelsolin is modulated
by different filament structural conformations [48]. In addition, the incorporation of actin
crosslinking proteins to form bundles could modulate interfilament contacts generating various
types of crosslinked actin bundle or network phases [49]. Borukhov et al. showed through
theoretical modeling that crosslinker binding energies onto filaments could lead to cellular
regulatory mechanisms by supporting various filament structural polymorphisms [49].
1.2 Macromolecular Crowding and Counterion Condensation Interactions on Actin
1.2.1 Macromolecular Crowding and Counterion Condensation
Intracellular environments are considered crowded with high concentrations of ions and
macromolecules, which can impact protein structure and assembly [50-58]. Macromolecule
concentrations inside eukaryotic cells can range from ~5-40% of the total volume [56, 59],
subsequently restricting available free space and limiting molecule interactions [60, 61]. This
reduction in available space, known as excluded volume, promotes depletion interactions that alter
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protein-protein interactions [62]. Macromolecular crowding can promote attractive interactions
between adjacent proteins by excluding the surrounding molecules (Fig. 1-4), decreasing their
randomness, and leading to the lateral aggregation of biopolymers [63-65]. In the case of actin,
macromolecular crowding within the surrounding environment can generate excluded volume
effects that overcome the charge repulsion between filaments promoting formation of higherordered actin bundle structures [11, 26]. In comparison, high concentrations of cations can lead to
the aggregation of biopolymers through counterion condensation [29]. Counterion condensation,
as described by Manning theory [29], is based on the interplay between free energy contributions
of filaments as well as the counterions in the surrounding environment [29]. Counterions reduce
the surface charge of filaments overcoming electrostatic repulsion allowing for the sharing of ions
between filaments and formation of bundles [12].
1.2.2 Macromolecular Crowding and Counterion Condensation Effects on Actin Filament and
Bundle Mechanics and Structure
Macromolecular crowding has been shown to promote alterations to filament structure [51] as
well as bundle filaments through use of multiple crowding agents such as polyethylene glycol
(PEG), Ficoll, or sucrose [11, 51]. Crowding agents such as sucrose and PEG were shown to
modulate F-actin by altering their dynamic fluctuations, inter-subunit H-bond interactions, and
helical twist thereby promoting an increase of filament bending Lp [51]. In addition, increasing
PEG concentrations previously led to the formation of actin bundle networks displaying enhanced
local elastic moduli and increased bundle diameter [66]. The force produced by filaments bundled
using PEG was measured by optical tweezers and found to exhibit weaker bundling force (~0.07
± 0.01 pN) than cations (Mg2+) (~0.20 ± 0.09 pN) [67]. Martiel et al. demonstrated that bundles
formed by increasing crowding led to a resistance of bundle deformation, after applied external
6

force, with minimal damage to bundle structure [68]. Mathematical modeling further explored how
depletion-induced actin bundles display a boundary transition to deformation known as critical
buckling length [68]. Bundle deformation was shown to be dependent on bundle structure as well
as rigidity, where bundle rigidity quadratically scales with the number of filaments in the bundle
[8, 68].
In comparison, cation interactions can bundle filaments through condensation with high
concentrations of ions [12, 13, 25]. Recently, actin bundle formation, elasticity, and stiffness were
shown to be dependent on increasing [Mg2+] where bundle Lp can range from ~15 – 45 µm
dependent on ionic concentration [13]. Hocky et al. revealed through MD simulations that the
binding of cations at the “cation stiffness site [42]” modulates the organization of the D-loop in
subdomain 2 [43]. This structural alteration of the D-loop can potentially influence the mechanical
properties of F-actin, as previously evidenced by Kang et al. [42]. The addition of multivalent
counterions (Mg2+ or Ca2+) can further alter bundle structure by binding to negatively charged
amino acid residues along F-actin and induce over-twisting of monomer contact angles within the
bundle by ~3.8° [12, 13, 25, 29]. Gurmessa et al. demonstrated the impacts of varying [Mg2+] on
bundle network elasticity by optical tweezers and microscopy showing network elasticity,
stiffness, and force response are enhanced with increased [Mg2+] [69]. In summary, the impacts of
macromolecular crowding and cation interactions can lead to the generation of actin bundles and
modulate actin filament and bundle mechanics and structure.
1.3 Biomedical Implications
Actin is known to have various isoforms such as α, β, and γ that are highly conserved (>90%)
across skeletal and non-muscle cells [70, 71]. However, genetic mutations can occur across the
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reported six genes that control actin formation [72] causing actin and its complexes to become
susceptible to varying environmental conditions [73]. For example, hypertrophic cardiomyopathy
(HCM) is a cardiovascular disease caused by mutations in the ACTC1 gene that encodes for the αactin isoform resulting in disorganization of myocytes and thickening of the left ventricular wall
and/or septum [72]. Recently, Teng et al. demonstrated that actin located near myosin binding sites
(M-class cardiac actin) displayed an increased sensitivity to calcium [73]. The enhanced calcium
sensitivity in cardiac cells suggests that muscle contraction is hindered through the reduced
regulation of actomyosin activity [73]. Furthermore, the presence of muscle bundles were shown
to be a hallmark morphological structure in patients with HCM [74]. The occurrence of muscle
bundles could result from the increased presence of calcium, where increased calcium conditions
were reported to bundle actin filaments with over-twisted structure and enhanced bundle bending
stiffness [13]. Furthermore, β- and γ-actin isoforms have been found in kidney podocytes that
allow for normal kidney filter function [75, 76]. Chronic kidney disease (CKD) is known to reduce
the ability for renal function altering the regulation of magnesium homeostasis and causing
increased [Mg2+] in blood serum [77]. The increased presence of [Mg2+] has been shown to cause
reductions in ADP release from actomyosin complexes limiting the release of myosin from actin
and thereby slowing contractile velocity in muscle cells [78].
The presence of crowding and cation interactions have been shown to affect the actin
cytoskeleton [12, 13, 51, 79, 80], however the knowledge obtained from studying the assembly,
mechanics, and structure of the actin cytoskeleton can be applied as a model system to
understanding various diseases such as Parkinson’s [81] and Alzheimer’s [82] Disease as well as
aging [83, 84]. Macromolecular crowding agent PEG enables the replication of crowding
conditions in cells, however, increasing length of the polymer as well as the concentration were
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shown to accelerate amyloid fibril formation [85]. α-synuclein is an intrinsically disordered protein
that is the main component of Lewy Bodies that are the pathological hallmark of Parkinson’s
Disease [86]. The presence of crowding was shown to alter α-synuclein folding pathway through
non-native folding, suggesting changes to protein conformation allows for the observed
accelerated aggregation [87]. In comparison, pathogenesis of Alzheimer’s Disease is attributed to
the formation of amyloid-β plaques [88]. The increased presence of amyloid-β in neuronal cells
can cause oxidative stress and promote the depolarization of voltage-gated channels allowing for
Ca2+-influx accelerating amyloid-β aggregation in aging cells [83].
Our investigation into the effects of intracellular environmental factors on actin assembly,
mechanics, and structure bridges the knowledge gap on how altering environments influence
protein structure and function across various biomedical science fields. The work proposed in this
dissertation evaluates the extent of actin filament and bundle formation, mechanical properties,
secondary structure, and organization providing a comprehensive framework into how the actin
cytoskeleton adapts to varying environments. This work can be useful in assessing whether similar
protein molecules undergo dynamic assembly and organization as well as modulations of
biopolymer mechanics comparable to actin. These investigations are anticipated to prelude future
studies examining the roles of protein mediated aggregation, shown in Parkinson’s and prion
diseases. Thus, an understanding of how altering macromolecular crowding and cation
environments impact the actin cytoskeleton could be used as a potential biomedical model for
identifying protein related diseases.
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Figure 1-1. Representation of actin polymerization in presence of salt and adenosine triphosphate
(ATP). Actin monomer structure depicts four subdomains. In the presence of salt and ATP
hydrolysis, G-actin spontaneously binds to form an elongating F-actin where G-actin associates to
the barbed (+)-end and dissociates at the (-)-end of the filament. F-actin can be crosslinked by
various methods such as crowding, cations, and actin binding proteins to form higher-ordered actin
bundles. G-actin monomer model [40] (G-actin PDB ID: 1J6Z) and Galkin model of a 3-D
reconstruction actin filament at a resolution of ~4.7 nm [46] (F-actin PDB ID: 3J8I).
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Figure 1-2. Schematic representation of actin filament assembly nucleation phase, elongation
phase, and steady-state phase with ATP-actin. Actin monomers bound by ATP bind to the barbed
end (+) of the filament and dissociate at the pointed end (-). The filament reaches equilibrium when
the same number of monomers associated to the (+)-end are dissociated at the (-)-end.
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Figure 1-3. Representation of actin filament mechanical properties. (A) Fluorescently labeled actin
filaments demonstrating filament bending thermal fluctuations. (B) Torsional and twist-bending
coupling of actin filaments, such that filament bending promotes filament twist. This figure was
adapted from reference: [2]
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Figure 1-4. Schematic representation of volume exclusion in a macromolecular crowded
environment. The total volume is composed of excluded (pink) and available (blue) volume that
is occupied by newly added molecules. The molecules are either small (A) or comparable in size
(B) to the background molecules. This figure was reproduced with permission from Copyright
Elsevier Reference: [89]
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1.4 Research Objectives
In living organisms, biochemical reactions take place at high cytosolic concentrations, with
various macromolecules and ions, occupying significant volume fractions [61, 90].
Macromolecular crowding promotes excluded volume effects and non-specific chemical
interactions which can influence protein assembly, structure, and protein-protein interactions [52,
62, 91]. High ionic concentrations are known to promote the condensation of protein polymers
into higher-order structures, such as bundles [12, 13]. These effects can lead to the progression of
human diseases such as Alzheimer’s and Parkinson’s as well as an increase to amyloid fibril
aggregation [85]. The presence of macromolecular crowding and high ionic strength has further
been shown to cause an increase to the fibrillation of the protein α-synuclein [85, 92, 93]. Most in
vitro biochemical and biophysical studies on actin bundles have been performed in dilute buffer
conditions, however, dilute environments do not fully represent what occurs in vivo [10, 18].
Therefore, the goal of this work is to determine the roles of electrostatic and crowding interactions
on actin filaments and bundles and how they act together to compact and stabilize or induce
structural transitioning of filaments and bundles altering mechanics, structure, and assembly. We
propose a four-fold hypothesis: First, the presence of macromolecular crowding will impact the
mechanics and structural properties of actin filaments influencing filament bending stiffness and
helical twisting (Aim1). Second, macromolecular crowding and ionic environments will influence
the longitudinal bending stiffness, length, diameter, and secondary structure of depletion- and
cation-induced actin bundles (Aim2). Third, crowding and cation environments will impact cationand depletion-induced actin bundle Young’s modulus and lead to changes of filament packing
(Aim3). Finally, macromolecular crowded and ionic interactions will impact the assembly kinetics
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of bundles altering the rate of bundle assembly in varying crowded environments (Aim4). To test
these hypotheses we have crafted 4 corresponding aims described below.
Aim 1: Determine the Effects of Macromolecular Crowding on Actin Filament Mechanics
and Structure
Rational. Our hypothesis is that the presence of crowded environments will modulate actin
filament thermal fluctuations, bending persistence length, filament twist, and actin monomer
interactions. Our goal is to demonstrate the influence of macromolecular crowding effects on the
mechanics and structure of actin filaments. Intracellular environments are known to be crowded
with various ions and macromolecules. Several reports have shown the effects of crowding on
actin filament assembly and stability [54, 63, 94, 95]. Although these studies and theoretical
predictions are important, they do not describe the impacts of crowding on filament mechanics and
structure. In this aim, we will determine the influence of different crowding concentrations on actin
filament thermal fluctuations, bending persistence length, and filament length using biophysical
characterization software. Following the mechanical analysis, we will set out to show how
crowding interactions impact actin filament structure using molecular dynamic (MD) simulations.
These simulations will aid in showing changes to filament twist, lateral and longitudinal interface
interactions, and hydrogen (H)-bond interactions between key amino acid residues. Our
experimental approach and techniques will allow for a holistic understanding into how actin
filaments are modulated in changing environments conditions. This work will provide key
information into the how varying environments can regulate the actin cytoskeleton in vivo.
Aim 2: Evaluate the Effects of Varying Ionic and Macromolecular Crowding Conditions on
the Mechanics and Secondary Structure of Actin Bundles
Rational. Our hypothesis for this aim is that altering electrostatic and crowded environments will
effect actin bundle persistence length and width as well as exhibit changes to secondary structural
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elements such as α-helices to β-sheet structures. Our goal is to quantify the combined or
competitive effects of both excluded volume and ionic interactions on actin bundle bending
stiffness and secondary structure. We have previously described the effects of crowding on F-actin
bending stiffness and conformational stabilization in addition to high ionic strength alterations to
actin bundle mechanics, setting in motion the further characterization of these environmental
factors on actin bundles [13, 51]. In this aim, we will focus on demonstrating the impact of varying
concentrations of crowding and ionic environments on bundles by studying the alterations to
bending persistence length, bundle length, diameter, and secondary structure (α-helix and β-sheet)
conformations. Our experimental approach quantifies environmental interactions on actin bundle
chemical composition by microscopy and spectroscopy techniques. To this end, the incorporation
of various environmental factors will establish the importance of crowding and ionic strength
effects and their role in the disruptions of actin bundle mechanical and structural conformations.

Aim 3: Determine the Effects of Macromolecular Crowding and Ionic Environments on
Actin Bundle Mechanics and Organization on the Nanoscale.
Rational. We hypothesize that the addition of changing environmental conditions will promote
alterations to actin bundle Young’s modulus and organization measurable on the nanoscale. Our
goal is to quantify the effects of excluded volume and ionic interactions on both cation- and
depletion-induced actin bundle Young’s modulus and organization. Although the structural
rearrangement of bundles has been visualized on the macroscale [10, 13, 26, 96, 97], the evidence
surrounding the alterations occurring on the nanoscale has not yet been fully established. In this
aim, we will focus on demonstrating the nanoscale impact of crowding ionic environments on
bundles by studying the alterations to transverse young’s modulus, length, and diameter. Our
experimental approach utilizes atomic force microscopy (AFM), a nanoscale microscopy
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technique which allows for the quantification of environmental interactions on actin bundle
mechanical and structural properties. AFM has been used to demonstrate the visualization of Gactin and F-actin dilute buffer conditions, not accurately reflecting in vivo environmental
conditions [98]. Therefore, the inclusion of varying concentrations of ionic and crowding
conditions will determine the significance of both factors and their roles in modulation the
nanomechanics and organization of actin bundles.

Aim 4: Establish the Effects of Electrostatic and Depletion Interactions on Actin Bundle
Assembly Kinetics.
Rational. Our hypothesis is that electrostatic and depletion interactions can impact the assembly
kinetics of actin bundles potentially influencing actin bundle mechanics and structure. The goal of
this aim is to demonstrate the effects of crowding and ionic conditions on actin bundle formation.
Previously, actin assembly was shown to be accelerated in the presence of macromolecular
crowded environments [54, 95]. Nevertheless, how the combined effects of environmental factors
alter bundle assembly has not been well established. In this aim we will focus on demonstrating
the formation of cation-induced actin bundles in the presence of varying concentrations of
crowding. To perform these experiments we will monitor the bundle assembly by using pyrene
fluorescence kinetics assay as well as time-lapse total internal reflection (TIRF) microscopy
imaging. We quantify the rate of bundle assembly and elucidate the hindrance or acceleration of
bundle formation dependent on crowding agent type and size. Overall, our experimental approach
quantifies both crowding and ionic environmental interactions on actin bundle assembly. As a
result, these environmental factors will demonstrate the importance of understanding changes
within different environments and how they can modulate bundle assembly and potentially
influence bundle conformations and mechanical properties.
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The proposed research will allow us to demonstrate how bundles formed in varying
environmental conditions, such as macromolecular crowding and high ionic strength, impacts actin
bundle bending stiffness, young’s modulus, geometry, secondary structure, and assembly.
Innovation of these projects are evident due to the topic of molecular crowding and ionic
environments, having produced a truly new way to critically think about in vitro investigations and
how we view their experimental outcomes. Studying these environmental factors with the
cytoskeletal protein actin brings together an understanding of how the environment can play a
critical role in modulating cytoskeletal regulatory processes. We anticipate the results from these
studies will be useful to researchers investigating the mechanisms behind protein aggregation
diseases, such as amyloidogenesis, along with developing a potential biomedical marker for
identifying cytoskeletal related diseases states.
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CHAPTER 2: ACTIN FILAMENT MECHANICS AND STRUCTURE IN
CROWDED ENVIRONMENTS

Reproduced with permission from: Nicholas Castaneda, Myeongsang Lee, Hector J. RiveraJacquez, Ryan R. Marracino, Theresa R. Merlino, Hyeran Kang (2019) Actin Filament
Mechanics and Structure in Crowded Environments. Journal of Physical Chemistry B, 123, 13,
2770–2779. [51] Copyright ACS.
2.1 Introduction
The intracellular environment is crowded with numerous types of solutes such as small ions,
organic compounds, and other macromolecules. Crowding effects raised from the excluded
volume of macromolecules and/or non-specific chemical interactions modulate protein assembly
kinetics, protein stability, protein structure, and protein-protein interactions [52, 57, 58, 62, 99104]. The assembly and mechanics of an essential cytoskeletal protein actin plays a key role in
many biological processes including cell movement, division, cytokinesis, and force generation
[2, 4, 5, 14, 38]. Most in vitro biochemical and biophysical studies on actin have been performed
in dilute buffer conditions, therefore not accurately reflecting its physical and mechanical
properties in complex cellular environments.
Although several reports have shown crowding effects on actin polymerization kinetics and
filament stability [54, 94, 95, 105-110], molecular mechanisms that underlie how filament
mechanics and structure are modulated in crowded cellular environment are not fully established.
Molecular crowding generates highly constrained environment and depletion interactions [11, 65,
91], which may affect the thermal fluctuations of filaments. Theoretical models predicted the
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effects of crowding on polymer dynamics [63, 64]. Such theories have been investigated in a recent
study on individual single-walled carbon nanotube’s bending and diffusion in a crowded
environment [111].
In this study, we investigate how molecular crowding modulates the mechanical properties and
conformations of actin filaments, combining fluorescence microscopy imaging and all-atom
molecular dynamics (MD) simulations. Our hypothesis is that highly constrained environment and
depletion forces induced by molecular crowders reduces actin filament bending dynamics as
illustrated in Fig. 2-1. We demonstrate that molecular crowding alters filament thermal bending
dynamics, enhances filament’s effective bending stiffness, and reduces average filament lengths.
MD simulations allow for examining structural variations within a constructed filament model in
the presence of molecular crowders. Our study suggests molecular mechanisms by which crowding
modulates filament mechanics and structure in vivo, which can in turn alter interactions between
actin filaments and actin regulatory proteins.
2.2 Materials and Methods
2.2.1 Protein Sample Preparation
Actin was purified from rabbit skeletal muscle acetone powder (Pel-Freeze Biologicals Inc.,
(Rogers, AR) and gel filtered over Sephacryl S-300 equilibrated in buffer A (0.2 mM CaCl2, 1 mM
NaN3, 2 mM Tris-HCl pH 8.0, 0.2 mM ATP, 0.5 mM DTT) as described [42]. G-actin
fluorescently labeled with rhodamine (>99% purity, purified from rabbit skeletal muscle) was
purchased from Cytoskeleton, Inc. (Denver, CO). Ca2+-G-actin was subjected to cation exchange
to Mg2+-G-actin by the addition of 0.2 mM EGTA and MgCl2, equal to the initial concentration of
G-actin plus 10 μM [42]. Rhodamine-labeled actin was polymerized by addition of 0.1 volume of
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10X polymerization (KMI) buffer (500 mM KCl, 20 mM MgCl2, 100 mM Imidazole pH 7.0, 10
mM ATP and 10 mM DTT) at room temperature (∼22 °C) for 1-2 hrs.
2.2.2 Fluorescence Microscopy Imaging
Actin filaments (50% rhodamine labeled) were equilibrated in buffers containing crowding
agents (sucrose or polyethylene glycol (PEG) 8 kDa in 1X KMI buffer) at desired concentrations
prior to imaging for 1-2 hours and proceeded to be diluted using optical imaging buffer (1X KMI
buffer with 1 mM ATP, 1 mM DTT, 0.015 M glucose, 1 mg/ml catalase, 0.2 mg/ml glucose
oxidase, and varying molecular crowder concentrations). Molecular crowder concentrations
included sucrose 2% w/w, 10% w/w, 30% w/w, 40% w/w, and 50% w/w along with PEG 8 kDa
1% w/w, 2% w/w, and 3% w/w. Time-lapse images of thermally fluctuating rhodamine-labeled
actin filaments in the absence or presence of crowding agents were obtained using a Nikon Eclipse
Ti fluorescence microscope outfitted with a Hamamatsu Image EM X2 CCD camera and a 100X
oil immersion objective (N.A. 1.49) at room temperature (∼22 °C). Pixel size was determined to
be 0.16 μm/pixel. Nikon imaging software Elements (ver. 4.50) was used to image the filaments
and perform analysis and video capture interval of filament fluctuations was 100 msec.
Microscope slides were cleaned by absolute ethanol, sonication bath, incubated in 0.1M KOH
for one hour, and then rinsed with ddH2O as described.[112] Filament adsorption onto the glass
slides was prevented by coating the slides with various concentrations of fatty-acid free BSA
(bioWORLD, Dublin, OH) in 1X buffer solution (50 mM Tris-HCl pH 7.0, 1 mM NaN3, and 150
mM NaCl), or mPEG-silane 5k (Laysan Bio, Inc., Arab, AL) solubilized in a solution of ethanol
for 18 hrs at room temperature, with gentle shaking and extensively rinses with ddH2O [113].
Experiments using mPEG-silane 5k passivation required slides and coverslips to be plasma treated
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using a PE-50 (Plasma Etch) cleaning system for 2 mins and immediately incubated with
passivating agent.
2.2.3 Viscosity Measurement
Viscosity measurements of the molecular crowding solutions were conducted by use of a
miniature ball drop device [114]. Briefly, approximately 100 microliter sample was filled into a
glass capillary into which a precision steel ball of 0.5 mm diameter was dropped. The speed of the
ball drop was measured by recording the time for the ball to travel 8.0 cm along the capillary and
compared with that for the ball to drop in a capillary filled with pure water. The shear viscosity is
obtained by calibrating the ball drop speed with that of water, using 0.97 cP as its viscosity at room
temperature. The viscosity value of each sample was calculated by averaging three measurements.
2.2.4 Filament Bending Mechanics and Length Distribution Analysis
The bending modes of the selected filaments were obtained by time-lapse recording of thermal
fluctuations over a one-minute time-span. The change in angle with respect to the position along
the filament is processed by Fourier decomposition analysis as described [115-117].
Decomposition of filament modes is in accordance to eq 2-1:
2

𝜃(𝑠) = √𝐿 ∑∞
𝑛=0 (𝑎𝑛 𝑐𝑜𝑠

𝑛𝜋𝑠
𝐿

)

(2-1)

Here 𝑎𝑛 denotes the amplitude, 𝑛 is the mode number, and 𝐿 is the contour length of the
filament. The various bending modes are indicated by the tangent angles of different segments of
the filament with respect to the arc length up to the mid-point of each segment. Filament
amplitudes for each of the bending modes were plotted with respect to time (0.1 sec intervals for
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600 frames analyzed in 1 min) for each mode, and the variance of each amplitude for each mode
provides an estimate of flexural rigidity of the filament [115, 116].
The bending Lp of filaments was measured by analysis of thermal fluctuations in time-lapse
recording. Filaments were manually selected and digital images were processed using NIH ImageJ
and analyzed by Persistence [36] and OriginLab 8.5 software. Amplitude variance var(𝑎𝑛 ) is
calculated as the total population variance within each mode amplitude, L indicates filament
length, n is the mode number. The persistence length for the filaments selected is calculated using
eq 2-2:
𝐿𝑝 =

𝐿2
𝑛2 𝜋 2 (𝑣𝑎𝑟(𝑎𝑛 ))

(2-2)

Polymer bending rigidity of filaments can be defined by using eq 2-3
𝜅 = 𝐿𝑝 𝑘𝐵 𝑇

(2-3)

, where Lp represents the persistence length, κ is the flexural rigidity of the filament, and 𝑘𝐵 𝑇 is
the thermal energy [36].
Angular cosine correlation analysis is an alternative method to calculate filament Lp and
provide insight into whether filaments behave as a wormlike chain (WLC). The calculations were
performed on digitized images of filaments using Persistence [36] and OriginLab 8.5 software as
described (eq 2-4) [36, 42, 112]. The two-dimensional cosine correlation (C) of tangent angles (𝜃)
along the segment length (s) of the filament, A is scaling factor [13, 36, 42, 118]:
< 𝐶(𝑠) > = < 𝑐𝑜𝑠[𝜃(𝑠) − 𝜃(0)] > = 𝐴 ∗ 𝑒 −𝑥/2𝐿p
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(2-4)

Length distributions of fluctuating filaments in various crowding conditions was fitted using
log-normal modeling in eq 2-5 [119].

𝑦 = 𝑦0 +

𝐴
√2𝜋 𝜔𝑥

𝑒

𝑥
−(ln( ))2
𝑥𝑐
2𝜔2

(2-5)

, where probability (y) is the distribution function of filament lengths, 𝑦𝑜 is offset value, 𝑥𝑐 is the
mean center, ω represents standard deviation, and A is the area under the curve.
Statistical significance of filaments in the presence of crowding agents was determined using
OriginLab 8.5 software by multiple analysis of variance (ANOVA) and post-hoc Tukey Test.
Probability (p-value) between the samples indicated that there is a significant difference between
filaments for various crowder concentrations with a p-value < 0.05 considered as statistically
significant.
2.2.5 Molecular Dynamics (MD) Simulations
To evaluate the experimentally observed crowding effects on actin filament mechanics, we
computationally constructed the atomistic models of actin filaments in presence of PEG and
sucrose. Here, we used the recently resolved filament model that was revealed by high resolution
(4.7 Å) cryo-electronmicroscopy (PDB ID: 3J8I) [46]. Using this model, we comprised three
computational molecular models (control, F-actin with PEG, F-actin with sucrose) consisting of
five subunits. To mimic the experimental crowding conditions of the 3% w/w PEG and 50% w/w
sucrose, we randomly solvated 10 PEG or 20 sucrose molecules near the constructed filament with
minimum 2.5 Å distance constraints using Packmol [120]. We considered the analogous molecular
weight of 9 repetitive ethylene glycol chains of PEG (Mw = 385.25) and sucrose molecules (Mw =
389.52). Prior to adding the crowding molecules with the actin subunits, 1000 times of conjugate
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gradient method of energy minimization were performed for both crowding molecules. The allatom built actin filaments were solvated to TIP3P water box with 15 Å of water padding condition.
Subsequently, 2 mM concentrations of MgCl2 were solvated to actin filaments to neutralize each
system. Based on the constructed system, we performed 2000 times energy minimization to
filaments to avoid bad contacts prior to 50 ns equilibrium MD simulations. The equilibrium
simulations were performed over a time-frame of 50 ns using NAMD 2.12. version with
CHARMM27 forcefield including CMAP correlations [121]. To consider the crowding molecules
such as PEG and sucrose, we used the CHARMM35 ether [122] and CHARMM36 carboxyl
forcefield [123]. Equilibrium MD simulations were performed with condition of 2 fs per time step
and applications of SHAKE algorithms. NPT ensemble condition was applied to the actin subunits
with and without crowding agents at the 300K of temperature and 1 bar of pressure, respectively.
2.2.6 Filament Conformation and Structure Analyses from MD Simulations
After 50 ns MD simulations, we analyzed how crowding molecules modulate filament
conformations and structure. To analyze the conformational changes of actin filaments, we
measured the filament length and width as shown in Fig. S1 Appendix A [124]. Filament width
was calculated by averaging the differences of distance between x-y plane projected 1st and 2nd
actin subunit (G1 and G2), and 3rd and 4th actin subunit (G3 and G4). Filament length was measured
as the distance between center mass of G1 and G5. The radius of gyration (Rg) of actin filaments
was measured using visual molecular dynamics (VMD) program 1.9.1 [125]. Conformational
changes of actin subunits affected by crowding agents were analyzed in regard to variations of
helical twist angle. Twist angle within a filament was calculated based on eq 2-6 [124]:

 (t) = cos-1(nplus(t) • nminus(t)) / |nplus(t)||nminus(t)|)
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(2-6)

, where nplus(t) is 𝐶𝐺1 (𝑡) − 𝐶𝐺2 (𝑡) and nminus(t) is 𝐶𝐺4 (𝑡) − 𝐶𝐺5 (𝑡). 𝐶𝐺𝑖 (t) is the position vector of
the center of mass from i-th subunit, as illustrated in Fig. S1 Appendix A.
For the structural characteristics of filaments, root mean square fluctuations (RMSF), root
mean squared displacement (RMSD), the number of hydrogen bonds, buried solvent accessible
surface (SASA), and contact area based on SASA were analyzed from MD simulations. RMSD of
each residue is defined as √< ∆𝑟𝑖2 (𝑡) >, which follows in accordance to eq 2-7:

√< ∆𝑟𝑖2 (𝑡) > = √< |𝑟𝑖 (𝑡) − 𝑟𝑖 (0)|2 >

(2-7)

, where ri (t) and ri (0) are atomistic coordinates of i-th Cα atoms from actin residues at simulation
time and initial points, respectively.
The RMSF, the number of hydrogen bonds, and SASA were measured every 250 ps through
the VMD 1.9.1 package [125]. The number of hydrogen bonds was measured at the longitudinal
and lateral contact region as shown in the recent study by Galkin et al. [46]. The buried SASA was
calculated by measuring the average SASA differences of D-loop between G1 and G3 (or between
G2 and G4). The inter-subunit contact areas (As) were calculated as follows in accordance to eq 28:
As=(Si+Sj-Sij)/2

(2-8)

, where Si, Sj, and Sij are the surface areas of i-th subunit, j-th subunit, and the combined subunits
(i-th and j-th) respectively, using the VMD program. The area of specific residue pairs identified
by Galkin et al. [46] was calculated in a similar way as the inter-subunit contact areas. Each
conformation of actin subunit was obtained every 250 ps from the entire 50 ns MD simulations.
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2.2.7 Excluded Volume Fraction Calculation
The excluded volume fraction (𝜙l) was assessed to show how the two different molecular
crowders (PEG or sucrose) affect actin filaments based on eq 2-9.
𝜙 𝑙 (𝑛𝑐 ) =

𝑉𝑒𝑥𝑐𝑙
𝑉𝑡𝑜𝑡

1 4

=𝑉

𝑡𝑜𝑡

3

𝜋(𝑅𝑔𝑁 )3 𝑛𝑐

(2-9)

, where nc is the number of molecular crowder, Vtot is total simulation volume and Vexcl is the
excluded volume of system, and 𝑅𝑔𝑁 is the radius of molecular crowders [52]. Here, we considered
equal number of PEG and sucrose molecules for excluded volume fraction to visualize the distinct
crowding effect on the volume fractions. 𝑅𝑔𝑁 was obtained from the area of each crowder based on
SASA.
2.3 Results
2.3.1 Molecular Crowding Modulates Filament Thermal Bending
To determine how molecular crowding affects filament bending dynamics, we directly
visualized thermally fluctuating filaments using epi-fluorescence microscopy. Analysis of filament
bending modes allows for measurements of bending persistence length (Lp), a measure of filament
stiffness. PEG of molecular weight 8 kDa and sucrose were chosen as an inert polymeric crowder
and a small molecular crowder, respectively (PEG 8k 1-3% w/w and sucrose 2-50% w/w) [50, 54,
105, 106, 109, 126, 127]. Filaments were constrained in a shallow chamber (zavg ~ 1 µm) that
restricts rotational motion and keeps filaments within two-dimensional focal plane. We monitored
the thermal fluctuations of filaments in the presence of crowding agents at varying concentrations.
Our data show that filament thermal bending decreases with increasing concentrations of
molecular crowders (Fig. 2-2).
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The filament fluctuations obtained from videos were analyzed by the Fourier decomposition
of filament shapes as a sum of ten cosine modes (eq 2-1) [36, 115, 116, 128, 129]. Bending mode
analysis indicates that mode amplitude variance (var(an)) (eq 2-2) reduces with increasing crowder
concentrations (Fig. 2-3) [115-117]. In the case of sucrose, we observe significant reductions in
both mode amplitudes and variance from the lowest (2% w/w) up to the highest (50% w/w)
concentrations (Fig. 2-3 e-i and Fig. S2 Appendix A).
2.3.2 Molecular Crowding Enhances Filament Bending Stiffness and Shortens Average Filament
Length
We measured the bending Lp of filaments in the presence of molecular crowding from mode
analysis (eq 2-1 and 2-2) [115, 116]. Average bending Lp of filaments increases ~2.0-fold with
PEG and ~1.5-fold with sucrose compared to control (Fig. 2-4 a). In the case of PEG, average
filament flexural rigidity κ (eq 2-3) ranges from ~7.68 x 10-26 N m2 – 8.80 x 10-26 N m2, while
sucrose κ on average is ~6.77 x 10-26 N m2 – 8.42 x 10-26 N m2. Our results show representative
filaments in the highest crowding concentrations obtain a flexural rigidity (κ) ≈ 7.74 x 10-26 N m2
in 3% w/w PEG and 7.45 x 10-26 N m2 in 50% w/w sucrose with filament lengths of 9.8 µm (3%
w/w PEG) and 7.1 µm (50% w/w sucrose), respectively. We averaged the Lp of filament modes 1
and 2 for each of the crowding conditions and plotted filament bending Lp as a function of length
(Fig. 2-4 b-c). The bending Lp is independent of filament length in the presence of crowding (Fig.
2-4 b-c), consistent with previous studies that showed the analysis of microtubules and actin
filaments in dilute buffer conditions [115, 116, 130]. These lower modes can accurately provide
an estimation of filament κ, dependent on sampling interval time [115-117, 130]. Thermal
fluctuations are shown to dominate at lower order modes (n = 1 or 2), however, higher order modes
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cannot accurately reflect the bending stiffness of the filaments due to the rapid reduction of
amplitude variance [115, 130]. Two-dimensional average cosine correlation analysis is an
alternative method used to measure filament bending Lp (eq 2-4) (Fig. S3 Appendix A). The values
obtained display a similar trend to those shown with bending mode analysis, although slightly
lower, we found bending stiffness increases stepwise with PEG and displays enhanced Lp with
sucrose 50% w/w.
To further examine crowding effects on filament stiffness, we plotted filament bending Lp
values in relation to solution viscosities (Fig. S4 Appendix A). The rise in viscosity slightly
increases filament bending Lp. We note with increasing concentrations of PEG (above 3% w/w)
induces depletion interactions that leads to bundled structures, consistent with a previous study
[11]. We tested up to PEG 5% w/w and observed bundling of filaments and adherence to glass
slides at this concentration of PEG. The depletion forces experienced by the filaments thereby
overcomes the ionic charge interaction of the filaments [11], promoting the onset of bundling and
preventing the examination of filament thermal fluctuations and determination of Lp by bending
mode analysis.
Our results show a decrease in the steady-state actin filament lengths with increasing
concentrations of PEG and sucrose (Fig. 2-5). The steady-state filament length distributions in the
presence of crowders are best fit with a log-normal function (eq 2-5) [119] (Fig. S5 Appendix A)
with fitting parameters provided in Table S1 Appendix A. Average filament length in the presence
of PEG (1-3% w/w) ranges from Lavg ≈ 4.5 - 5.2 µm. The highest concentration of PEG (3% w/w)
results in filament length reduction of 20% compared to control filaments (Lavg ≈ 6.0 µm). Average
filament length in the presence of sucrose (2-50% w/w) ranges from Lavg ≈ 4.0 - 5.1 µm. The
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highest concentration of sucrose (50% w/w) exhibits a reduction of 28% compared to control. A
previous study [108] reported that specific viscosity of nucleotide-free actin decreases at high
sucrose concentrations, suggesting this result may be due to filament length reduction. We
confirmed their postulation demonstrated by our characterization of filament length in the presence
of sucrose.
2.3.3 Molecular Crowding Induces Conformational Changes in Actin Filaments
To evaluate how molecular crowding affects filament conformations, we performed
equilibrium all-atom molecular dynamics (MD) simulations of actin filaments in the absence or
presence of molecular crowders. A molecular model of actin filaments composed of 5 subunits
was constructed based on recently resolved high-resolution (4.7 Å) filament structure from cryoelectron microscopy (PDB ID: 3J8I) (Fig. 2-6 a) [46]. Either PEG or sucrose molecules were
randomly solvated near the constructed filament (Fig. 2-6 b-c). Upon completion of 50 ns
simulation, we analyzed the distributions of filament length (L), width (w), radius of gyration (Rg),
and filament twist (θ) (N = 200, Fig. 2-6 d-g) in the presence of PEG or sucrose molecules (Fig.
S6 Appendix A, see details in Methods) [131]. Filament lengths in the presence of crowders are
shorter than control filaments (Lavg,Control = 112.10 Å, Lavg,PEG = 110.33 Å, Lavg,sucrose = 109.35 Å)
(Fig. 2-6 d). PEG reduces filament width, while sucrose slightly increases filament width
compared to control filament (Wavg,Control = 35.64 Å, Wavg,PEG = 32.82 Å, Wavg,sucrose = 36.07 Å) (Fig.
2-6 e). In addition, both PEG and sucrose molecules slightly reduce the average Rg of actin
filaments (Rg,Control = 48.05 ± 0.18 Å, Rg,PEG = 47.69 ± 0.17 Å, Rg,sucrose = 47.65 ± 0.21 Å; Fig. 2-6
f and Fig. S6 a Appendix A). Interestingly, both molecular crowders increase average filament
twist angle (θ) compared to control actin filament (θavg,Control = 84.32 ± 1.44º, θavg,PEG = 90.27 ±
1.83º, θavg,sucrose = 88.71 ± 2.15º; Fig. 2-6 g and Fig. S6 b Appendix A). Based on the excluded
30

volume fractions calculation (Table S2 Appendix A), filaments in the presence of PEG exhibit
larger excluded volume than those with sucrose, which may be related to the significant increase
of filament twist in the presence of PEG (Fig. 2-6 g).
2.3.4 Molecular Crowding Affects Structural Properties of Actin Filaments
To investigate the role of molecular crowders in filament structural stability, we analyzed intersubunit (longitudinal and lateral) contact areas in the presence of crowding (Fig. S7 Appendix A).
Both longitudinal and lateral contact areas increase in the presence of PEG or sucrose (Table 2-1).
Sucrose increases lateral contact areas by 10.1% and longitudinal contact areas by 5.5% compared
to control filament, whereas PEG enhances lateral contact areas by 5.7% and longitudinal contact
areas by 7.1%.
Molecular crowders affect the areas of the specific residue pairs shown in the recent study [46]
formed at longitudinal interfaces (M44:Y143, M44:G168, M47:F352, K61:E167, R62:D288,
I64:Y166, E241:T324, D244:M325, G245:P322) and lateral interfaces (N111:T194, K113:E195,
H173:I267, V201/T202:S271) (Fig. S7 Appendix A and Table S3 Appendix A). Overall, the
interactions between the residue pairs are strengthened in the presence of PEG and sucrose,
evidenced by increased longitudinal and lateral contact areas (Table S3 Appendix A). In particular,
we observed significant increase of contact areas, encompassing hydrogen bonds between
M44:G168 (at longitudinal contact) and V201/T202:S271 (at lateral contact) pairs, and salt bridges
between K61:E167 and R62:D288 (at longitudinal contact) pairs. These stabilized hydrogen bonds
and salt bridges at inter-subunit contacts are consistent with previous reports [43, 46], and may
explain the enhanced filament bending stiffness by molecular crowding demonstrated in our study
(Fig. 2-4). To evaluate the stability at longitudinal interfaces, we measured buried solvent
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accessible surface area (SASA) for the DNase I binding loop (D-loop) residues 40-51 of actin
subdomain 2 [46], which plays a critical role in modulating the mechanical properties of filaments
[2, 132, 133]. Consistent with increased contact areas, the D-loop buried SASA increases with
both molecular crowders compared to control filaments (Table 2-1).
Hydrogen bonding is a key factor to determine the mechanical properties of filaments that are
formed through non-covalent interactions [134]. We analyzed the number of hydrogen bonds for
residue pairs located at inter-subunit contacts based on 50 ns MD simulations (Fig. 2-7 and Table
2-2). From our calculations we found four specific residue pairs that sustain hydrogen bond
interactions including M44:G168 identified by Galkin et al. [46] (Fig. 2-7 and Table 2-2). Overall,
molecular crowders increase the number of hydrogen bonds for longitudinal contacts, while the
number of hydrogen bonds for lateral contacts decrease in the presence of crowding. Importantly,
our simulation demonstrates molecular crowders significantly enhance hydrogen bond interactions
of the K61:E167 salt bridge [46] by ~2.0-fold among the residue pairs at longitudinal contacts
(Fig. 2-7 b and Table 2-2).
To determine the effects of crowding on dynamics and conformational changes of actin
filaments, we further analyzed the root mean square fluctuation (RMSF) and root mean squared
displacements (RMSD) per each residue (Fig. S8 Appendix A). RMSF near the D-loop, a highly
mobile region of subdomain 2 [41, 47, 135], is significantly lower with PEG than in the absence
of crowder or with sucrose (Fig. S8 a Appendix A). This reduced fluctuation of the D-loop in the
presence of PEG allows for stable longitudinal contacts between subunits, consistent with
enhanced bending mechanics (Fig. 2-4). Significant changes in RMSD were observed in the Dloop region, C-terminal (residues 368 to 375) and partial domain of subdomain 4 (residue 218 to
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250) in the presence of PEG (Fig. S8 b Appendix A) [44, 136, 137]. The increase of RMSD in the
D-loop and C-terminal may affect longitudinal inter-subunit interactions within F-actin (Fig. S8 b
Appendix A).
2.4 Discussion
The motivation for the current study was to investigate how the mechanical and structural
properties of actin filaments are regulated in crowded cellular environments. Biophysical
characterization indicates that molecular crowding reduces filament thermal bending that leads to
the increase of effective bending stiffness of filaments. MD simulations show that crowding
molecules affect filament conformations including twist angle and enhance inter-subunit
interactions within a filament.
Molecular crowding results in altered excluded volume fractions [52] (Table S2 Appendix A),
thus modulating filament compactness (Fig. 2-6) and mechanics (Fig. 2-4). The conformational
and mechanical modulations of filaments in the presence of crowding may be attributed to the
excluded volume effect [58, 61, 101, 126] and/or thermodynamic factors such as enthalpy and
“soft” non-specific interactions [62, 65, 138]. Filament twist increase associated with crowding
agents (Fig. 2-6) indicates the excluded volume effect plays an important role in controlling
filament conformations. The interplay between excluded volume effects and enthalpic interactions
can contribute to filament assembly [62, 109] such that they may influence average steady-state
filament lengths (Fig. 2-5 and Fig. 2-6).
The enhanced filament stiffness generated by molecular crowding (Fig. 2-4) can be explained
by stabilization of filament structure. Actin filament inter-subunit interactions have been shown to
play a critical role in controlling overall filament mechanical properties [2, 38, 43, 124, 133].
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Filament compactness evidenced by radius of gyration and twist angle (Fig. 2-6) could result in
altered longitudinal and lateral contacts (Fig. S7 Appendix A and Table S3 Appendix A). The
increased twist of actin filaments in the presence of molecular crowders implicate that crowders
reinforce the local inter-subunit interactions within the filaments. Hydrogen bond interactions
observed at both longitudinal and lateral contact sites (Fig. 2-7) may contribute to the D-loop
stabilization and enhanced filament mechanics [46, 134]. In addition, our all-atom MD simulation
results demonstrate that molecular crowding enhances salt-bridge interactions, in particular
K61:E167 (Fig. 2-7 and Table 2-2). Galkin et al. has shown E167 forming an ionic bridge with
K61 of an adjacent subunit by high-resolution cryo-electron microscopy [46]. In the presence of
molecular crowding, the K61:E167 salt-bridge exhibits sustained hydrogen bonds that affect intersubunit contacts, potentially linked to filament bending stiffness observed in this study [42, 43,
112].
Filament stiffening and conformational modulations driven by molecular crowding potentially
affect the biological functions of actin filaments inside the cell. Recent studies demonstrate that
filaments in solution exist in multiple structural states with variable twist and D-loop
conformations, known as structural polymorphism [46, 47]. Our buried SASA, RMSF, and RMSD
results (Table 2-1 and Fig. S8 Appendix A) indicate molecular crowding modulates D-loop
conformations. These conformational changes induced by molecular crowding suggest
intracellular filaments may adopt different polymorphic structural states compared to filaments
under in vitro conditions. We predict that filament stiffening associated with the enhanced D-loop
stability in crowded cellular environments most likely influences the interactions between
filaments and actin binding proteins (ABPs). For example, D-loop reorganization is closely linked
to the binding and severing activities of the essential ABP cofilin [112, 133, 139]. Discrete
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polymorphic states of D-loop under crowded conditions may have an impact on cofilin binding
and/or filament severing. It is interesting to note, molecular crowding generates filament stiffening
as well as over-twisting, which supports our hypothesis that depletion forces raised from crowding
enhance filament mechanics. These changes in filament mechanics possibly modulate regulatory
functions of ABP in cells.
2.5 Conclusion
In summary, we have demonstrated through biophysical characterization and all-atom MD
simulations, that molecular crowding significantly alters the mechanical and structural properties
of actin filaments. Our experimental data indicate that molecular crowding enhances the effective
bending stiffness of filaments and reduces steady-state filament lengths. MD simulations have
shown that molecular crowding modulates filament conformations and inter-subunit interactions,
which supports the experimentally observed increase of filament stiffness raised by crowding. This
study suggests, the molecular mechanisms of how filament mechanics and structure are modulated
in crowded intracellular environments and will aid in the understanding of in vivo regulatory
processes of actin cytoskeleton.
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Figure 2-1. Schematic of actin filament bending in dilute and crowded environments. Left image
demonstrates a thermally fluctuating filament in dilute buffer condition. Right image represents a
filament in a highly crowded environment consisting of various proteins and other molecules.
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Figure 2-2. Representative time-lapse images of thermally fluctuating filaments in the presence of
molecular crowding agents. Filaments were constrained to a shallow chamber (~1 µm) which
prevented rotation and kept them in plane of focus. Images are separated by 6 sec time intervals
for a total of 1 min time-lapse. Polymerization of filaments by buffer: 1X KMI (50mM KCl, 2mM
MgCl2, 10mM Imidazole at pH 7.0, 1mM ATP and 1mM DTT). Concentration of molecular
crowding solutions are in mass % (w/w%). Scale bars indicate 5 μm.
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Figure 2-3. Filament bending mode amplitudes are modulated by molecular crowding agents. The
amplitudes of 10 bending modes from filaments represented in Fig. 2-2 as a function of time within
each subpanel (t = 60sec). The variance within each of the mode amplitudes demonstrates an
independent estimate of the filament flexural rigidity. (a) control, (b) PEG 1% w/w, (c) PEG 2%
w/w, (d) PEG 3% w/w, (e) sucrose 2% w/w, (f) sucrose 10% w/w, (g) sucrose 30% w/w, (h)
sucrose 40% w/w, and (i) sucrose 50% w/w.
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Figure 2-4. Molecular crowding agents modulate bending stiffness of actin filaments. (a) Bending
Lp of filaments (mode number, 2) in various polyethylene glycol (PEG) 8k and sucrose
concentrations. Bending Lp plotted as a function of filament length with crowding agents (b) PEG
8k and (c) sucrose. Dashed lines represent the average filament crowding Lp and dotted line is the
average filament control Lp. (n.s. not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). N ≈ 7
filaments per condition and uncertainty bars represent the standard deviation (SD).
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Figure 2-5. Average steady-state filament length is modulated in the presence of molecular
crowding. The box represents the 25th–75th percentile, whiskers indicate standard deviation (SD),
and the middle square is the mean. Tukey test indicated significant difference in comparison (p <
0.05). Total number of filaments analyzed per each condition N ≈ 100 – 400 (n.s. not significant,
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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Figure 2-6. Conformational and geometrical analyses of actin filaments (F-actin) in the presence
of molecular crowders polyethylene glycol (PEG) and sucrose after 50 ns molecular dynamics
(MD) simulations. Conformations of (a) F-actin without molecular crowders, (b) F-actin with
PEG, and (c) F-actin with sucrose. Geometrical analyses analyzing the probability of filament (d)
length, (e) width, (f) radius of gyration (Rg), and (g) twist angle (θ). Second order polynomial
function of exponential model used for distribution curves (d)-(g).
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Figure 2-7. Molecular crowders affect the number of hydrogen bonds formed by residue pairs at
longitudinal and lateral contacts during 50 ns MD simulations. (a) M44:G168, (b) K61:E167, and
(c) R62:D288 belong to longitudinal contacts, and (d) K113:E195 is located lateral contact.
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Table 2-1. Comparison of calculated averaged longitudinal contact area, lateral contact area, and
solvent accessible surface buried area (SASA) of DNase binding loop (D-loop) from last 5ns of
MD simulations. Data indicates modulations in D-loop conformation in the absence and presence
of molecular crowding agent polyethylene glycol (PEG) or sucrose. Buried SASA values are
determined by the outside and inside regions of the D-loop (see details in Methods).
Lateral

Longitudinal

Contact area (Å )

Contact area (Å )

Buried SASA
(Å2)

F-actin (Control)

1238.55

2336.40

873.92

F-actin with PEG

1308.05

2501.72

895.18

F-actin with Sucrose

1363.66

2464.65

877.86

2
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Table 2-2. The average number of hydrogen bonds formed by residue pairs at longitudinal and
lateral contacts after 50 ns equilibrium MD simulations.
M44:G168

K61:E167

R62:D288

K113:E195

F-actin
(Control)

0.4

0.7

7.9

4.0

F-actin with
PEG

0.4

1.9

8.2

2.7

F-actin with
Sucrose

0.6

1.6

8.7

2.9
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CHAPTER 3: COUNTERACTIVE EFFECTS OF CATIONS AND CROWDING
ON ACTIN BUNDLE MECHANICS AND SECONDARY STRUCTURE
3.1 Introduction
Actin bundle mechanics and structure promote the formation of important cytoskeletal
architectures, such as filopodia, stereocilia, and stress fibers [5, 8, 140-142]. Bundles are generated
in the crowded intracellular cytoplasm that consists of various molecules and ions limiting
available cytoplasmic space [58, 99]. The presence of these factors can lead to the organization of
actin filaments into bundles, through either counterion condensation [12, 25, 26, 143-145] or
depletion interactions [11, 26, 27, 80, 146]. Counterion condensation induces bundle formation,
through the reduction of surface charges on actin filaments [12, 13, 79, 96]. In comparison,
macromolecular crowding can induce bundle formation through excluded volume effects, which
overcome filament charge repulsion and induce lateral aggregation [11, 67, 80].
The individual effects of cation interactions and macromolecular crowding on actin bundle
packing, structure, and mechanics have been previously explored [11-13, 25, 66, 96, 147, 148].
Cation interactions have been shown to impact bundle stiffness and packing of bundles [13, 96,
149]. Macromolecular crowding generates entropically-driven depletion interactions affecting
bundle formation [11]. Moreover, rheological experiments have shown that bundles induced by
macromolecular crowding exhibit concentration-dependent bundle mechanical stiffness and
elasticity [66]. Although these studies have demonstrated key information for the effects of cations
and crowding on bundles individually, their interplay in the vicinity of actin bundles has not been
well established.
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In this study, we investigate how actin bundle mechanics and secondary structure are
modulated in the presence of a combination of cations and macromolecules, forming a crowded
environment. To do so, actin bundles induced by either counterion condensation or depletion
interactions were subjected to their opposing environment. The impacts of both crowding and ionic
effects on bundle stiffness were evaluated by total internal reflection fluorescence (TIRF)
microscopy and changes to bundle width were determined by atomic force microscopy (AFM).
We demonstrate that cation- and depletion-induced bundles exhibit distinct behaviors in stiffness,
length, and width with the addition of macromolecular crowding or divalent cations, respectively.
Using infrared spectroscopy, we show that cation-induced bundles experience a significant
transition in secondary structure with macromolecular crowding, while cation effects on depletioninduced bundle secondary structures are more subtle. Taken together, our study suggests distinct
effects of counterion condensation and macromolecular crowding contribute to changes in bundle
mechanics and secondary structure in multi-component crowded environments.
3.2 Materials and Methods
3.2.1 Protein Purification and Sample Preparation
Actin monomers (G-actin) were purified from rabbit skeletal muscle acetone powder (PelFreeze Biologicals Inc., Rogers, AR, USA) and gel filtered over Sephacryl S300 column
equilibrated in buffer A (0.2 mM CaCl2, 1 mM NaN3, 2 mM Tris-HCl pH 8.0, 0.2 mM ATP, 0.5
mM DTT) as described by Spudich et al. [150]. Purified G-actin was polymerized to filaments and
then incubated overnight with Alexa-488 succinimidyl ester dye (Molecular Probes Eugene, OR)
at a concentration ratio of 4 mg:0.5 mg (actin:alexa). Alexa labeled G-actin was gel filtered over
a Sephacryl S300 column and equilibrated in buffer A [42]. The labeling efficiency of Alexa
labeled G-actin was ~40%. Ca2+ bound to G-actin was subjected to cation exchange by the addition
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of 0.2 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) and MgCl2
concentration equal to the initial G-actin concentration plus 10 μM.
Formation of cation-induced bundles occurred by the addition of 0.1 volume of 10X MI buffer
(300 mM Mg2+, 100 mM imidazole pH 7.0, 10 mM ATP, and 10 mM DTT). Depletion-induced
bundles were generated by the addition of 0.1 volume of 10X crowding buffer containing
macromolecular crowding agents (Ficoll 70 20% w/w or polyethylene glycol (PEG) 5% w/w, 500
mM KCl, 20 mM MgCl2, 100 mM imidazole pH 7.0, 10 mM ATP, and 10 mM DTT). Each cationor depletion-induced bundle sample was equilibrated for ~1-2 h at room temperature (~25 °C).
To crowd the environment of the cation-induced actin bundles, macromolecular crowding
agents used included Ficoll 70 (MW = 70,000 Da) (Thermo Fisher Scientific Inc., Waltham,
MA, USA) and PEG 8 kDa (MW = 8,000 Da) (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Concentrations of Ficoll used were 2% w/w (~0.32 mM), 20% w/w (~3.17 mM), 35%
w/w (~7.69 mM), while the concentrations of PEG were 1% w/w (~1.38 mM), 5% w/w (~6.94
mM), and 10% w/w (~13.88 mM). Concentrations were selected based on cellular volume
occupancy of ~5-40% [56, 60] along with previous investigations using the specific crowders [27,
51, 105, 151, 152]. Onset of varying cation conditions for depletion-induced bundles was achieved
with concentrations of 10-50 mM Mg2+. The Mg2+ conditions were selected based on our previous
investigation using cations to induce bundle formation [13] and intracellular environment
concentrations ~10-30 mM [153].
3.2.2 TIRF Microscopy Imaging
Fluorescently tagged actin filaments (9.6 µM, 20% Alexa 488-labeled) were assembled into
bundles followed by addition of either MI or crowding buffers at room temperature, as described
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in the previous section. For TIRF imaging, 0.015 M glucose, 1 mg/mL catalase, and 0.2 mg/mL
glucose oxidase were added to the samples to reduce photobleaching. Microscope slides were
cleaned as previously described [112]. The adherence of bundles to the coverslips was
accomplished by use of 0.01% v/v poly-L-lysine coating for 1 h, coverslips were rinsed with
ddH2O and dried with compressed air.
Bundle images were collected at room temperature (∼25 °C) with a Nikon Eclipse Ti
fluorescence microscope outfitted with a Hamamatsu Image EM X2 CCD camera and a 100X oil
immersion objective (N.A. 1.49) with a pixel size of 0.16 μm. Image analysis was performed using
Nikon imaging software Elements (v.5.02).
3.2.3 Actin Bundle Bending Persistence Length (Lp), Flexural Rigidity (𝜅), and Young’s
Modulus (E) Calculation
Bending persistence length (Lp) of the bundles were measured from the TIRF images, which
were analyzed using Nikon Elements, Image J (NIH), Persistence [36], and OriginLab v.8.5
software. Specifically, bundles were selected in TIRF images for segmentation. Then using
Persistence, the bending Lp of bundles were calculated from the two-dimensional average angular
correlation (<C(s)>) of the tangent angles (θ) along the segment length (s):
< 𝐶(𝑠) > = < 𝐶𝑜𝑠[𝜃(𝑠) − 𝜃(0)] > = 𝐴 ∗ 𝑒 −𝑠/2𝐿𝑝

(3-1)

where A is the scaling factor [36, 42].
The bending stiffness (𝜅) of the bundles was defined as:
𝜅 = 𝐿𝑝 𝑘𝐵 𝑇
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(3-2)

where Lp is the bending persistence length of actin bundles, 𝑘𝐵 𝑇 is the thermal energy, and T is
room temperature (293 𝐾) of the system [36].
To determine the longitudinal Young’s modulus (E) of the bundles we consider the how the
absence and presence of macromolecular crowding and cation can change bundle shape
configurations during thermal fluctuations as described in (eq 3-3):
𝜅 = 𝐿𝑝 𝑘𝐵 𝑇 = 𝐸𝐼

(3-3)

where, E is the longitudinal Young’s modulus, and I is the 2nd moment of inertia for actin bundles
[36]. As described in McCullough et al.[154] the 𝐼 for actin corresponds to an estimate elliptical
cross-sectional area, where I is defined by eq 3-4:
𝐼=

𝜋𝑟 4

(3-4)

4

where r is the radius of the bundle. Therefore, we can now determine the E of cation- and
depletion-induced actin bundles in the absence and presence of varying crowded and cations.
The relationship is described in eq 3-5:
𝐸=

𝜅

(3-5)

𝐼

3.2.4 Actin Bundle Length Analysis
Steady-state length distribution of actin bundles was fitted with a log-normal function model eq 36 [119]:

𝑦 = 𝑦0 +

𝐴
√2𝜋
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𝑒
𝜔𝑥

(− ln(

𝑥 2
)
𝑥𝑐

/ (2𝜔 2 ))

(3-6)

where 𝑦 is the probability of the distribution function for the bundle lengths, 𝑦0 is the offset value,
𝑥𝑐 represents the distribution peak center, 𝜔 is the standard deviation, and 𝐴 is the area of the
curve.
Statistical significance of actin bundles persistence lengths and width were determined using
OriginLab v.8.5 software. Multiple analysis of variance (ANOVA) and post hoc Tukey test were
used to determine the probability (p-value) indicating significant differences between bundle
samples with a p-value of < 0.05 considered as statistically significant. Notation for p-values: n.s.
not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
3.2.5 Surface Preparation and Atomic Force Microscopy (AFM)
Mica substrates were freshly cleaved and 50 μL of a positively charged binding agent, 0.1%
v/v (3-Aminopropyl)triethoxysilane (APTES), was pipetted onto the cleaved mica and allowed to
bind for 10 min [155, 156]. Prior to addition of bundle samples, the APTES-coated mica was rinsed
with a gentle stream of ddH2O and subsequently dried with compressed air [155, 156]. Following
the drying of the mica surface, 5 μL of bundle sample in the respective crowding or ionic
environment, at a concentration of ~10-15 μM, was placed on top the APTES coated mica surface
and allowed to bind for 3 min [156]. The addition of corresponding sample buffer was added onto
the bundle bound mica surface at a volume of ~50 μL. To determine the width of cation- and
depletion-induced actin bundles in liquid, images (256 x 256 pixels) were collected by Peak Force
Tapping mode using a Dimension FastScan AFM (Bruker, Santa Barbara, CA, USA) at a scan rate
≈ 0.5 Hz. The AFM cantilever tips used were gold coated FASTSCAN C tips with a nominal
spring constant of 0.8 N/m and resonant frequency ~300 kHz range (Bruker, Santa Barbara, CA,
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USA). Alterations to actin bundle width were determined by taking multiple (N ≈ 30) crosssections and calculating full width half maximum (FWHM) of bundles using OriginLab v.8.5.
3.2.6 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectra covering the spectral range 4000-650 cm-1 were collected at room temperature,
using bundle concentrations of ~ 10 µM (unlabeled actin) deposited on the attenuated total
reflectance (ATR) crystal on a Perkin Elmer Spectrum 100 series FTIR spectrometer. To study the
secondary structure of the bundles, the spectral region 1700-1530 cm-1, containing the vibrational
signature of amide I and amide II, are presented. A sample volume of 10 μL settled for ~1 min
prior to spectral collection of background (1X MI buffer or crowding buffers) and bundle samples.
For each of the samples, 3 spectra, each corresponding to 200 scans, were acquired with a spectral
resolution of 4 cm-1. The 3 spectra were then averaged and smoothed, using the Savitzky-Golay
noise reduction algorithm in OriginLab v.8.5 [152, 157-159]. Deconvolutions of bundle spectra
were performed on the averaged and smoothed data using Gaussian functions in Fityk v.1.3.1 [160]
according to the minima of the second derivative of the absorption spectra calculated in OriginLab
v.8.5. Marginal bands were included in the deconvolution to account for the area of the band but
were not included in the quantification of the secondary structure components. The proportion of
the different structures was estimated by calculating the fractional area of the peak of interest over
the area of the amide I band, obtained from the sum of the areas of all the peaks used for the
deconvolution of the amide I band.
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3.3 Results
3.3.1 Cation-induced Bundle Mechanics and Geometry are Regulated by Macromolecular
Crowding
We first formed bundles by adding physiologically relevant divalent cation (Mg2+) [153, 161]
before subjecting bundles to macromolecular crowding agents Ficoll [152] and PEG [27, 51, 105,
151] at varying concentrations (Fig. S1 A Appendix B). Cation-induced bundles in crowded
solutions were visualized using TIRF microscopy (Fig. 3-1 A). The bending Lp of actin bundles
was determined using two-dimensional cosine correlation analysis [36] (eq 3-1, Fig. S1 B-C
Appendix B, and Fig. 3-1 B-C). When placed in the lowest concentration of Ficoll (2% w/w)
cation-induced actin bundles experience a decrease in bending Lp by ~60% (Fig. 3-1 B), before
increasing with higher Ficoll concentrations. Over the range of Ficoll conditions tested (from 2 to
35% w/w) the bending Lp varied from 15 to 27 µm, which is lower than the bending Lp of the
cation-induced actin bundle control (~37 µm) (Fig. 3-1 B). We then determined the corresponding
bundle bending stiffness (𝜅) (eq 3-2). The 𝜅 of the cation-induced bundle control was 1.50 x 10-25
Nm2, similar to previously reported 𝜅 for actin bundles (~1.7 x 10-25 Nm2 for 30 mM Mg2+ bundles)
[13]. Addition of 2% w/w Ficoll led to a decrease of 𝜅 to 6.04 x 10-26 Nm2. Higher concentrations
of Ficoll increased 𝜅 up to 1.09 x 10-25 Nm2 (35% w/w) but remained lower than the control. We
further determined the longitudinal Young’s modulus (𝐸) for cation-induced bundles in varying
Ficoll conditions (Table S1 Appendix B, eq 3-3 – 3-5). Cation-induced bundle 𝐸 in Ficoll ranged
from 1.1-1.6 kPa, where bundle control was 9.8 kPa (Table S1 Appendix B). When cation-induced
bundles were instead subjected to PEG (1-10% w/w), the bending Lp displayed a similar trend to
the cation-induced bundles crowded with Ficoll with an initial decrease of ~40% in bending Lp (22
µm) upon addition of lowest concentration of PEG (1% w/w), corresponding to a 𝜅 of 8.90 x 1052
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Nm2. However, the bending Lp for the bundles in PEG could recover the initial decrease to reach

39 µm at 10% w/w PEG, which is equal to the bending Lp of the cation-induced actin bundle control
(~37 µm) (Fig. 3-1 C). This bending Lp corresponds to a 𝜅 of about 1.5 x 10-25 Nm2. Next, we
determined the effects of varying PEG on cation-induced actin bundle longitudinal E where bundle
𝐸 ranged from 3.6-26.3 kPa (Table S1 Appendix B).
We evaluated how crowded environments alter cation-induced bundle dimensions by imaging
bundles using AFM (Fig. 3-2 A) [162]. Of note, due to the hinderance of cantilever tapping in the
highly viscous Ficoll conditions (20-35% w/w) we changed the Ficoll concentrations to 1-10%
w/w for cation-induced bundles (Fig. 3-2 A). Cation-induced bundle width in the presence of
macromolecular crowding was measured by analyzing the FWHM of bundles (Fig. 3-2 B-C).
Cation-induced bundle control showed a bundle width of ~130 nm. Upon the addition of the lowest
(1% w/w) Ficoll concentration, bundle width increased to ~175 nm, an increase of ~1.3-fold
compared to the control (Fig. 3-2 B). Increasing concentrations of Ficoll from 5-10% w/w led to
further increases in bundle widths, with bundles ~195 nm in width, ~1.5-fold higher than the
control and ~1.1-fold higher than 1% w/w Ficoll (Fig. 3-2 B). On the other hand, increasing the
concentrations of PEG to 1% w/w showed a similar bundle width as the control at ~130 nm (Fig.
3-2 C), while the addition of PEG 5-10% w/w led to a reduction in bundle width to ~105 nm, a
~1.2-fold reduction in bundle width compared to the control (Fig. 3-2 C).
Next, we measured the changes to length distributions of cation-induced bundles in both Ficoll
and PEG crowded environments (Fig. S2 Appendix B). Overall, the data demonstrates that upon
addition of crowding cation-induced bundles experience a broadening of length distributions.
However, increasing crowding conditions promotes a narrowing of bundle length distributions and
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reduction in bundle length variance. These length distribution results are similar to previous results
of actin bundles induced by high counterion concentrations [13] and filopodia of Rat2 fibroblasts
[163].
3.3.2 Cation-induced Bundle Secondary Structure is Modulated by Macromolecular Crowding
FTIR spectroscopy has been a useful tool for investigating the structural stability of actin
monomer, filament, and bundles under various pressures and temperatures because the infrared
signature is indicative of the nature of the secondary structure of the system [158]. Prior to
obtaining spectra of cation-induced actin bundles, we collected spectra of pure Ficoll and PEG,
both of which showed the presence of a sharp peak in the amide I region (1650 cm-1) (Fig. S3
Appendix B). However, Ficoll and PEG are both crowding agents that have been recognized as
inert crowders with no chemical interaction with actin or other proteins [11, 56]. Therefore, the
crowding agent spectra were used as the background in the acquisition of the IR spectra of the
bundle samples. We collected and averaged spectra of bundles in absence and presence of
crowding and cation environments and determined changes to secondary structure on the averaged
spectra (see Material and Methods). The cation-induced bundles exhibited a main absorption band
centered at 1642 cm-1, which corresponds to multiple overlapping sub-bands of amide I, and a
weaker band centered at 1545 cm-1 corresponding to amide II (Fig. S4 A Appendix B). FTIR
spectra of cation-induced actin bundles exhibited notable differences while in the presence of
Ficoll (Fig. S4 B-D Appendix B) [164], and more subtle ones in the presence of PEG. By
deconvoluting the broad amide I band, we estimated the nature of the changes taking place in the
bundles.
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In the amide I signature of the control bundle, we identified nine components corresponding
to the C=O stretching mode in different secondary structures of the filament, including
intermolecular antiparallel β-sheet involving cross-strand hydrogen bonds (also referred to as
aggregates) at 1616 cm-1 and 1683 cm-1, intramolecular β-sheets at 1625 cm-1 and 1635 cm-1,
random coils at 1645 cm-1, α-helix at 1655 cm-1, turns/loops at 1665 cm-1 and turns at 1679 cm-1
and 1690 cm-1 (Fig. S4 Appendix B and Table S2 Appendix B) [157, 165].
Secondary structure of rabbit skeletal muscle actin filaments has previously been estimated to
contain ~36-39% of α-helices and ~16% of β-sheets using cryo-electron microscopy [45] and FTIR
(spectroscopy) [159]. In comparison, a recently resolved high resolution actin filament secondary
structure revealed ~32% α-helices and ~11% β-sheets [46]. We used similar considerations to
estimate the contributions from α-helices, β-sheets, random coils, aggregates, turns, and loops. We
note that several approaches have been proposed in the literature for such estimations. Here we
followed previous work by Litvinov et al. [157] to study the effect of macromolecular crowding
on the secondary structure of the bundles, with the understanding that the estimates remain
approximative. Using this approach, we found that α-helices contributed to 13% of the amide I
signal while β-sheets contributed to 18% of the signal, which indicates that the presence of cations
affect secondary structures according to the values reported by Galkin et al. [46] (Fig. 3-3 A-B and
Table 3-1). Aggregates only represent about 10% while the contribution from the random coils is
8% of the signal (Fig. S5 A-B Appendix B and Table 3-1). The band assigned to turns/loops (1665
cm-1) represented 11% of the signal while the band assigned to turns (1675 cm-1) represented at
13% of the signal (Fig. S5 C-D Appendix B and Table 3-1).
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When cation-induced bundles were placed within varying concentrations of Ficoll (2-35%
w/w), the relative signal from α-helices decreased to 11% (Fig. 3-3 A and Table 3-1). On the other
hand, the signal from β-sheets increased to 23% and the signal from aggregates increased to 15%
(Fig. 3-3 B, Fig. S5 A Appendix B, and Table 3-1). Turns/loops at 1665 cm-1 and turns at 1675
cm-1 also decreased to 9% and 10%, respectively (Fig. S5 C-D Appendix B and Table 3-1).
Random coils did not seem to change significantly. These changes resulted in the overall shift
observed in Fig. S4 Appendix B.
Next, we obtained spectra of cation-induced bundles in PEG crowded environments to
determine how a change in the type of crowding agent could impact bundle secondary structure
(Fig. 3-3 C-D and Fig. S6 Appendix B). In presence of 1% w/w of PEG, we found the same level
of α-helices (12%) as the cation-induced bundle control (13%) (Fig. 3-3 C and Table 3-1). A more
significant decrease down to 5-7% was observed when increasing the concentration of PEG (Fig.
3-3 C). The β-sheets band observed an increase from 18% to 25%, although the concentration of
PEG did not seem to impact structure after introduction of the initial 1% w/w PEG (Fig. 3-3 D,
Fig. S6 Appendix B, and Table 3-1). Interestingly, aggregates exhibited the largest increase from
10% in the control up to 28% in presence of PEG (Fig. S7 A Appendix B). The contribution of
random coils remained mostly independent of PEG at ~7% (Fig. S7 B Appendix B). Turns and
loops displayed a decrease from ~11% to ~5% at 5% w/w PEG (Fig. S7 C-D Appendix B).
3.3.3 Depletion-induced Bundle Mechanics and Organization are Impacted by Cation
Interactions
To demonstrate the impacts of ionic environments on bundles formed by depletion forces, we
first generated bundles by the addition of either 20% w/w Ficoll [166] or 5% w/w PEG [167], and
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then placed bundles in varying [Mg2+] (10-50 mM) (Fig. S8 A Appendix B). The imaging of
depletion-induced bundles was performed with TIRF microscopy (Fig. 3-4 A-B). Bundle Lp values
were calculated by two-dimensional cosine correlation analysis [36] (Fig. S8 B-C Appendix B,
and Fig. 3-4 C-D) as described above. First, the Lp of Ficoll induced bundles was found to be 27
µm, corresponding to a 𝜅 of 1.11 x 10-25 Nm2. After subjecting the bundles to varying [Mg2+], the
bending Lp increased up to 37 µm, which is ~37% greater than the control (Fig. 3-4 C). We
determined the 𝜅 values for Ficoll bundles in presence of cations ranged from 9.36 x 10-26 Nm2 to
1.30 x 10-25 Nm2, though the increase was not linear with respect to the [Mg2+]. In addition, Ficollinduced bundle 𝐸 was determined and Ficoll-bundle control was found to have a 𝐸 ~7.23.
Increasing the [Mg2+] led to bundle 𝐸 ranging from 5.5-28.5 kPa, where 30 mM Mg2+ had the
greatest 𝐸 (28.5 kPa) (Table S1 Appendix B). Next, the properties of the bundles formed with 5%
w/w PEG were evaluated in presence of increasing [Mg2+]. The resulting bending Lp of the bundle
was 21 µm corresponding to a 𝜅 of ~9.42 x 10-26 Nm2. No significant change was observed when
adding 10 mM Mg2+. However, at 30 and 50 mM Mg2+, the bending Lp significantly increased to
43 µm (Fig. 3-4 D), corresponding to a 𝜅 values of 1.75 x 10-25 Nm2. We further quantified PEGinduced bundle E in varying [Mg2+] and found that bundle 𝐸 ranges from 0.8-6.3 kPa, with PEGbundle control 𝐸 is ~5.6 kPa and 30 mM Mg2+ has the lowest 𝐸 at 0.8 kPa (Table S1 Appendix
B).
The influence of varying [Mg2+] on depletion-induced bundle width was evaluated by
determining the FWHM of bundles imaged by AFM (Fig. 3-5 A) [162]. Depletion-induced bundle
FWHM measurements indicated that Ficoll-induced bundle control had a width of ~133 nm (Fig.
3-5 B). When exposed to the 10 mM [Mg2+], Ficoll-induced bundles showed a minimal alteration
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to width with a ~11% reduction in width (~118 nm) (Fig. 3-5 B). In addition, Ficoll-bundles
exposed to 30 mM [Mg2+] displayed the lowest bundle width at ~100 nm, a reduction of 24% as
compared to control (Fig. 3-5 B). Of note, Ficoll-induced bundle width increased to ~162 nm at
the highest 50 mM [Mg2+], an increase of ~18% (Fig. 3-5 B). Bundles formed by PEG were found
to increase in width with increasing [Mg2+] (Fig. 3-5 C). PEG-induced bundle control displayed a
width of ~113 nm (Fig. 3-5 C). The addition of 10 mM [Mg2+] led to a ~14% increase of PEGinduced bundle width (Fig. 3-5 C). 30 mM [Mg2+] resulted in the greatest bundle width (~257 nm)
displaying a ~2.2-fold increase compared to control, while 50 mM [Mg2+] increased bundle width
only up to ~150 nm (Fig. 3-5 C).
We analyzed bundle length distributions for both Ficoll- and PEG-induced bundles with
increasing [Mg2+] (Fig. S9 Appendix B). The presence of Mg2+ around the Ficoll-induced bundles
seemed to promote a narrowing of bundle lengths distribution that were inferior to 10 µm. In the
case of PEG-induced bundles, the presence of Mg2+ similarly led to a narrowing of bundle lengths
distribution. At the highest (50 mM) [Mg2+] this effect was not observed since the bundle length
distribution was broader than the distributions of the lower [Mg2+] (Fig. S9 Appendix B).
3.3.4 Depletion-induced Bundle Secondary Structure is Minimally Impacted by Cation
Interactions
Secondary structures of depletion-induced bundles in varying [Mg2+] were determined by
infrared spectroscopy. Ficoll-induced bundles demonstrated slight overall shifts in amide I (~1650
cm-1, C=O bond vibration) band to higher wavenumbers (Fig. S10 Appendix B). Deconvolution
of the amide I band indicated no major change in α-helices content at 11% in the Ficoll-induced
bundles, even in presence of 50 mM Mg2+ (12%) (Fig. 3-6 A and Table 3-2). β-sheets exhibited a

58

slight increase from 20% to 22% (Fig. 3-6 B and Table 3-2) and aggregates from 19% to 22% (Fig.
S11 Appendix B and Table 3-2). The signal corresponding to turns at 1675 cm-1 underwent a slight
decrease from 8% to 6% (Fig. S11 Appendix B and Table 3-2).
PEG-induced bundles also exhibited small overall shift of the amide I band with increasing
[Mg2+] (Fig. S12 Appendix B). Deconvolution of the signal suggests that the largest change was
observed at the introduction of 10 mM [Mg2+], with an increase of turns/loops and turns content
from 4% and 3% in the control to 8% and 8%, respectively (Fig. S13 Appendix B and Table 3-2).
However, further increase of [Mg2+] resulted in the slow decrease of turns/loops content to 5%,
while turns decreased to 3% (Fig. S13 Appendix B and Table 3-2). Meanwhile, β-sheets and
aggregates instead initially decreased at 10 mM Mg2+ (Fig. 3-6 and Fig. S13 Appendix B). With
10 mM Mg2+, β-sheets content decreased from 27% in the control to 22% (Fig. 3-6), while
aggregate content decreased from 26% in the control to 20% (Fig. S13 Appendix B). Increasing
the [Mg2+] reversed and led to a return to 27% for β-sheets and increase to 25% for aggregates
(Fig. S13 Appendix B).
3.4 Discussion
The goal of this study is to determine a molecular basis of the effects of electrostatic and
depletion forces on actin bundle mechanics and secondary structure. While the influence of cation
interactions and crowding on actin bundle formation have been separately established [11, 27, 79,
80, 141], this work bridges the knowledge gap in understanding whether these factors act
synergistically or counteractively. We demonstrate that macromolecular crowding affects cationinduced bundle stiffness and width, in addition to promoting a transition in bundle secondary
structure. However, depletion-induced bundles can oppose changes in stiffness, width, and
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secondary structure with increasing cation concentrations. These results suggest that alterations to
bundle secondary structure in crowded environments could promote the enhanced packing and
stiffness of bundles dependent on excluded volume effects [25, 27, 61, 65].
Cation-induced actin bundles exhibit a higher content in α-helices (13%) than depletioninduced bundles (11% for Ficoll and PEG) accompanied by lower content in β-sheets (18% against
20% for Ficoll and 27% for PEG) and aggregates (10% against 19% for Ficoll and 26% for PEG)
(Table 3-1 and Table 3-2). Turns and loops are also present in larger proportion in cation-induced
actin bundles (above 10% for each band) than in Ficoll (8% for each band) and PEG-induced
bundles (4% for the band centered at 1665 cm-1 and 3% for the band centered at 1675 cm-1) (Table
3-1 and Table 3-2). Actin bundles induced by counterion condensation were shown to undergo
drastic changes to secondary structure under extreme environmental conditions [158, 159]. For
example, Rosin et al. revealed that cation-induced bundles display a transitioning of secondary
structure from α-helix to β-sheet at high temperatures (~60 °C) and pressures (~5 kbar) [159].
Schummel et al. showed the presence of osmolyte trimethylamine-N-oxide (TMAO) produced a
stabilizing effect on actin secondary structure under high temperatures and pressures [168]. Our
cation-induced actin bundles experience a change of stiffness and reorganization of secondary
structure in the presence of macromolecular crowding. We have recently demonstrated that
macromolecular crowding enhances filament bending stiffness and alters filament conformations
including helical twist [51]. Our FTIR spectra (Figs. S4 and S6 Appendix B) indicate that with
increasing concentrations of macromolecular crowding, bundles experience a structural
transitioning with increases to the relative content of intramolecular β-sheets (1635 cm-1) and
intermolecular β-sheets (~1615 cm-1). This change in secondary structure content within cation-
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induced bundles may explain the observed alterations to mechanics of cation-bundles in various
crowded environments (Fig. 3-1 B-C).
Macromolecular crowders such as Ficoll and PEG, are known to induce entropically driven
depletion interactions contributing to the stabilization of protein structure [169]. Our results
illustrate that the presence of crowding agents results in conformational changes, particularly in
forming intermolecular β-sheets (aggregates). Such changes could also result in alterations of side
chain amino acids. For instance, our group previously showed by molecular dynamics (MD)
simulation that PEG can affect specific residue pairs containing both Asp and Glu along filament
lateral interfaces [51]. In addition, crowding could contribute to DNase I-binding loop (D-loop)
stabilization in subdomain 2 that can modulate filament mechanical properties [42, 51]. Our cationinduced bundles experience bending Lp values on the order of stiff actin filaments when presented
to low crowding concentrations (Fig. 3-1 B-C). Although these bundles were reported to have
diameters ~350 nm and interfilament distances ~7 nm in non-crowded conditions [13] the
secondary structure transitioning experienced by our bundles could promote changes in
mechanical properties. For example, amyloid-β fibrils were shown to display a similar relationship
with bending Lp and β-sheet content [170]. Cation-bundle structure is thereby dominated by
entropic forces, induced by crowding, which favor reorganization of bundle structure and reduce
the effects of “soft” ionic interactions [169, 171]. In contrast, depletion-induced bundles undergo
enhanced stiffness and better oppose changes to secondary structure in ionic environments. When
compared to changes in secondary structure of cation-induced bundles in crowding or depletioninduced bundles in ionic conditions, bundles in both environmental conditions tend to sustain their
β-sheet conformations. PEG-induced bundles observed changes in β-sheets and turns in presence
of cations, which were not found in Ficoll-induced bundles.
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This investigation incorporates varying sizes of crowding agents as well as physiologically
relevant cation conditions corresponding to ~5-40% of total volume [56, 172, 173], emulating the
limited available space inside cells. Previous investigations using similar crowding and cation
conditions showed that each of these environmental factors can impact the formation of actin
bundles [8, 11, 25, 28]. Our findings allow for understanding how actin bundle organization is
modulated in varying crowding and/or ionic conditions (Fig. 3-7). Cation-induced bundles in
crowded environments could experience modulations to interfilament spacing by either separation
or compaction of filaments influencing bundle width and organization (Fig. 3-7 A). A possible
explanation for the change in cation-induced bundle size could be that finite equilibrium bundle
sizes are present at defined crowder size and concentrations [66, 174, 175]. Crowder size,
molecular weight, and/or chemical structure could play a role in the organization and width of
cation- and/or depletion-induced bundles in crowded or ionic environments (Fig. 3-2 and 3-5).
Ficoll and PEG differ in hydrodynamic radius with ~40 Å for Ficoll 70 and ~24.5 Å for PEG 8k
[56]. Ficoll is considered to have a compact spherical structure, while PEG can exist as linear
polymers in our concentration regime [11, 176, 177]. Our bundle width measurements show that
PEG-induced bundles were more susceptible to ionic change, whereas Ficoll-bundles can sustain
their width until the highest [Mg2+] (50 mM), well above physiological [Mg2+][153] (Fig. 3-5 BC).
We note that the order in which the two bundling agents (cations and crowders) were
introduced affects the properties of the final system. For instance, cation-induced bundles using
30 mM Mg2+ exhibited longer average length and bending Lp in the presence of 20% Ficoll than
in the case of Ficoll-induced bundle in presence of 30 mM Mg2+. The most significant difference
was in their structural conformations, specifically their aggregate structures, represented by the
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band at ~1616 cm-1, with levels of 15% in the cation-induced bundles and 21% in the Ficollinduced bundles (Table 3-1 and Table 3-2). Hence, the compact structure of Ficoll with larger
hydrodynamic radius seems to promote intermolecular β-sheet formation, with a significantly
larger effect when Mg2+ is initially absent from the milieu. It has previously been discussed with
amyloid fibrils that cations can increase the intersheet distance in aggregates (also referred to as
cross-β structures) [178]. In the cation-induced bundles, the intercalation of cations between the
β-sheets could be responsible for the lower relative content in signal at ~1615 cm-1 when adding
Ficoll (Fig. S4 Appendix B). The PEG-induced bundles exhibited 12% of α-helices and 22% of
aggregates in the presence of 30 mM Mg2+, while the cation-induced bundles with the same
concentration of PEG only contained 5% of α-helices but 28% of aggregates (Table 3-1 and Table
3-2). Cations may play a similar role in intercalation between the β-sheets which can thereby
decrease the number of intermolecular β-sheets in the bundles. For example, cation-induced
bundles displayed a significant difference in the levels of α-helices with varying PEG
concentrations as compared to PEG-bundles within the range of tested cation conditions (10-50
mM Mg2+), suggesting cation-induced bundles are more sensitive to crowded environments. This
may be due to the linear polymeric chain of PEG, which can interact with local domains of the
filaments within bundles [51]. Conversely, Ficoll could hinder electrostatic interactions in bundle
formation primarily driven by packing efficiency and entropy maximization [177]. These changes
to bundle secondary structure raised by crowding and ionic interactions could potentially affect
the assembly and organization of actin bundles, as well as how actin binding proteins interact with
bundles in cells [162].
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3.5 Conclusion
We have investigated the changes to both cation- and depletion-induced bundle mechanics and
geometry when in the presence of varying ionic and crowded environments. Our results
demonstrate that actin bundles experience modulations to mechanical properties and structural
transitioning of secondary structure by using fluorescence and atomic force microscopies as well
as infrared spectroscopy. We show that cation-induced bundle bending stiffness and width can be
significantly modified by the presence of various crowded conditions, while depletion-induced
bundles can experience changes to mechanics and less significant impact on secondary structure
in cation conditions. In addition, the changes experienced by our bundles can lead to alterations in
amino acid residue interactions as well as H-bonding in key subdomains of actin, supporting our
mechanical analysis of stiffness modulations in bundles. This study suggests changes to
environmental conditions can drastically impact the actin cytoskeleton and thereby alter actin
regulatory processes in vivo.
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Figure 3-1. Macromolecular crowding modulates cation-induced actin bundle bending persistence
length. Representative TIRF microscopy images of cation-induced actin bundles in (A) 2-35%
w/w Ficoll and 1-10% w/w PEG (scale bar = 10 μm). The insets for each TIRF image are zoomins of bundles (scale bar = 5 μm). Bending persistence length (Lp) of cation-bundles when
subjected to various concentrations of (B) Ficoll 2-35% w/w or (C) PEG 1-10% w/w. The box
represents the 25th−75th percentile, whiskers indicate standard deviation (SD), the middle line is
the median, and the middle square is the mean. Tukey test indicated significant difference to
bundles in comparison of Lp (n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total
number of bundles analyzed per condition for Lp is N ≈ 100−300.
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Figure 3-2. Macromolecular crowding alters cation-induced actin bundle width. (A)
Representative AFM images of cation-induced actin bundles in 1-10% w/w Ficoll and 1-10% w/w
PEG. Cation-bundle width when subjected to various concentrations of (B) Ficoll 1-10% w/w or
(C) PEG 1-10% w/w. Tukey test indicated significant difference to bundles in comparison of width
(n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total number of bundles analyzed per
condition for width is N ≈ 30. Scale bar = 400 nm.

66

Figure 3-3. Macromolecular crowding modulates cation-induced actin bundle secondary structure.
(A-B) Secondary structure content (α-helix and β-sheet) of cation-induced bundles in 2-35% w/w
Ficoll. (C-D) Secondary structure content (α-helix and β-sheet) of cation-induced bundles in 110% w/w PEG. Determination of the secondary structures of cation-induced bundles in Ficoll and
PEG were acquired according to the deconvoluted amide I band spectra.
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Figure 3-4. Varying cation concentrations can influence depletion-induced bundle bending
persistence length. Representative TIRF microscopy images of depletion-induced actin bundles in
10-50 mM Mg2+ (scale bar = 10 μm). The insets for each TIRF image are zoom-ins of bundles
(scale bar = 5 μm). Bending persistence length (Lp) of (C) Ficoll and (D) PEG depletion-bundles
in various ionic concentrations (10-50 mM) of Mg2+. The box represents the 25th−75th percentile,
whiskers indicate standard deviation (SD), the middle line is the median, and the middle square is
the mean. Tukey test indicated significant difference to bundles in comparison of Lp (n.s. not
significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total number of bundles analyzed per condition
for Lp is N ≈ 100−300.
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Figure 3-5. Depletion-induced bundle width can be modulated in the presence of varying cation
concentrations. (A) Representative AFM images of depletion-induced actin bundles in varying
[Mg2+] (10-50 mM). (B-C) Depletion-bundle width when subjected to various concentrations of
Mg2+. Tukey test indicated significant difference to bundles in comparison of width (n.s. not
significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total number of bundles analyzed per condition
for width is N ≈ 30. Scale bar = 400 nm.
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Figure 3-6. Depletion-induced bundle secondary structure is minimally affected by ionic
environments. (A-B) Secondary structure content (α-helix and β-sheet) of Ficoll-induced bundles
in 10-50 mM Mg2+. (C-D) Secondary structure content (α-helix and β-sheet) of PEG-induced
bundles in 10-50 mM Mg2+. Determination of the secondary structures of depletion-induced
bundles in Mg2+ were acquired according to the deconvoluted amide I band spectra.
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Figure 3-7. Proposed mechanisms for the counteractive effects of depletion and electrostatic forces
on actin bundling. (A) Cation-induced bundles are impacted by the addition of macromolecular
crowding, leading to enhanced bundle width. (B) Ficoll-induced bundles can sustain their size with
increasing of electrostatic interactions maintaining bundle size until the highest [Mg2+]. (C) PEGinduced bundle are affected by the presence of varying cation concentrations demonstrated by an
increase in the width of bundles. All bundles are shown from top-view.
71

Table 3-1. Quantification of α-helix, β-sheet, aggregates, random coils, turns and loops in cationinduced actin bundles in the presence of macromolecular crowding. 30 mM Mg2+ bundles in 235% w/w Ficoll or 1-10% w/w PEG.

Control (30 mM Mg2+)
+ 2% w/w Ficoll
+ 20% w/w Ficoll
+ 35% w/w Ficoll
Control (30 mM Mg2+)
+ 1% w/w PEG
+ 5% w/w PEG
+ 10% w/w PEG

αhelix
13%
13%
11%
11%
13%
12%
5%
7%

βsheet
18%
23%
24%
23%
18%
25%
25%
21%
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Aggregates
10%
13%
15%
15%
10%
16%
28%
24%

Random
coil
8%
9%
7%
7%
8%
11%
9%
9%

Turns
/loops
11%
9%
8%
8%
11%
10%
5%
7%

Turns
13%
10%
9%
9%
13%
6%
3%
6%

Table 3-2 Quantification of α-helix, β-sheet, aggregates, random coils, turns and loops in
depletion-induced actin bundles in the presence of varying [Mg2+]. 20% w/w Ficoll or 5% w/w
PEG depletion-induced bundles in 10-50 mM Mg2+.

Control (20% w/w Ficoll)
+ 10mM Mg2+
+ 30mM Mg2+
+ 50mM Mg2+
Control (5% w/w PEG)
+ 10mM Mg2+
+ 30mM Mg2+
+ 50mM Mg2+

αhelix
11%
11%
11%
12%
11%
12%
12%
12%

βsheet
20%
21%
22%
22%
27%
22%
23%
27%
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Aggregates
19%
21%
21%
22%
26%
20%
22%
25%

Random
coil
7%
7%
7%
7%
9%
8%
9%
10%

Turns
/loops
8%
8%
8%
7%
4%
8%
6%
5%

Turns
8%
7%
7%
6%
3%
8%
5%
3%

CHAPTER 4: EFFECTS OF ELECTROSTATIC AND DEPLETION
INTERACTIONS ON ACTIN BUNDLE NANOMECHANICS AND
ORGANIZATION
4.1 Introduction
The mechanics and structural properties of actin bundles form critical cytoskeletal assemblies such
as filopodia, stress fibers, as well as facilitate cellular mechanosensing [14, 179-181]. Formation
of actin bundles occur in intracellular environments that are crowded with various ions and
macromolecules [56, 58, 62, 90, 182]. These crowded environments reduce available volume and
can influence protein-protein interactions as well as actin stability [50, 52, 91, 94, 100, 183, 184].
To generate actin bundles, the lateral aggregation of actin filaments is overcome through
counterion condensation [12, 13, 96, 144] or depletion interactions [11, 65, 66, 91, 185].
Counterion condensation bundles filaments through reduction in surface charges [12, 13, 25, 79]
while excluded volume effects overcome charge repulsion between filaments inducing bundling
[11, 67, 80].
The macroscale analysis for crowding and electrostatic interactions on actin bundle mechanical
and structural properties has been previously investigated [11-13, 25, 66, 96, 147, 148]. These
studies focused on determining the individual effects of varying environmental conditions not fully
elucidating the influence of combined crowding and cation conditions on actin [186] as well as
their impacts on the nanoscale. Atomic force microscopy (AFM) has been useful in identifying
and quantifying nanoscale changes to cytoskeletal biopolymers [187-190]. For example, AFM
recently explored the locations and organization of actin cytoskeletal structures in cells revealing
detailed organization of actin filaments and bundles beneath cellular membranes [191]. In addition,
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AFM visualized alterations to actin bundle morphology by binding protein interactions and
demonstrated bundles can experience regulation of height and filament organization [162, 192].
Direct observation and mechanical measurements of actin and intermediate filaments through
AFM revealed that actin filaments exhibit a larger persistence length than intermediate filaments
due to changes in morphology [189, 190]. Although these investigations have explored and
characterized the mechanics and structural properties of actin and other cytoskeletal biopolymers,
the nanoscale characterization of higher-ordered actin bundle mechanics and organization is not
well understood.
In this study, we explore the influence of electrostatic and depletion interactions on the
mechanical properties and organization of actin bundles induced by either counterion condensation
or depletion interactions. Our hypothesis is that changing environmental conditions lead to a
significant modulation of actin bundle Young’s modulus (𝐸) and organization measurable on the
nanoscale. To determine alterations to our bundles we use AFM to both visualize and reveal
changes to bundle height as well as perform nanoindentation measurements. We demonstrate that
variations in crowding or cation conditions leads to a significant modulation in bundle 𝐸 as well
as potentially bundle packing. Overall, our work suggests that the electrostatic and depletion
interactions can behave counteractively on actin bundles modifying actin cytoskeleton regulatory
processes in vivo.
4.2 Atomic Force Microscopy Theory and Imaging Modes
AFM is a type of scanning probe microscopy that can determine the interactions between the
cantilever tip and sample described simply by Hooke’s law (eq 4-1); where F is force generated

75

by cantilever, 𝑘 is the spring constant of the cantilever, and Δx is the change in the cantilever
deflection:
𝐹 = −𝑘𝛥𝑥

(4-1)

Hooke’s law allows for quantifying various types of structural and mechanical characteristics,
such as sample height, adhesion, surface morphology, stiffness, and/or Young’s modulus [193].
AFM uses a sharp probing tip along with a read-out laser diode, a photodiode detector, and a
controller. When the probe tip scans over the sample, the deflection of the cantilever is monitored
by the laser diode and reflected to the detector, changes in the deflection lead to a feedback loop
with the controller and image output (Fig. 4-1). Previous reports have demonstrated the use of
AFM to determine the Young’s modulus and other physical and structural characteristics of
various biopolymers such as vimentin [189], microtubules [194], intermediate filaments [189,
190], and more recently amyloid fibrils [195].
AFM can be performed in one of three of different imaging modes: contact, tapping, and noncontact modes. In the case of contact mode, the simplest of the AFM modes, the cantilever is in
constant contact with the sample surface. Importantly, with this mode the deflection of the
cantilever is set to a constant set-point, which is the amount of force applied to the sample by the
cantilever [193, 196]. For tapping mode, the cantilever will oscillate at a set resonance frequency
while being in intermittent contact with the sample surface (Fig. 4-1) [193, 196]. Advantages to
this imaging mode over others comes from the ability to tune the cantilever signal, best determining
the optimum frequency oscillation, in addition to having less damage to samples and elimination
of forces induced by friction. Finally, in non-contact mode the cantilever is brought close to the
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surface, vibrates at a fixed resonant frequency, and measures the interacting forces between the
sample and the cantilever [193, 196].
4.2.1 Peak Force Tapping-Quantitative Nanomechanical Measurements
Peak force tapping-quantitative nanomechanical measurements (PFQNM) mode is a recently
developed scanning mode for the AFM. In this mode, similar to the previously explained tapping
mode, the cantilever is oscillated at specific resonant frequencies [197]. However, for PFQNM,
the cantilever is oscillated in a sinusoidal waveform well below the established cantilever
resonance frequency [197]. By having the cantilever at such low frequencies, there is a reduction
in tip lateral forces along with any potential damage to the tip or sample [197]. In addition, upon
each tap of the cantilever tip to the sample, continuous force curves can be obtained due to the
motion of the sinusoidal waveform as portrayed in Fig. 4-2. Tip trajectory over time is shown by
the path in Fig. 4-2 a, where positions 1-3 demonstrate the tip approach and interaction with the
sample surface. As the cantilever approaches the sample surface, it will experience long-range van
der Waals interactions until the changes to Force (F) over the change in cantilever deflection is
greater than the spring constant 𝑘, enabling contact with the sample [197]. Upon contact, the tip
will experience short range repulsive forces that dominate tip and sample interactions [197]. The
peak force interaction (height of the peak) between the cantilever tip and the sample is used to
generate the force-distance curves (Fig. 4-2 b). Upon retraction of the cantilever and return to its
original position, (tip positions 4-5) the Young’s modulus, deformation, and adhesion of the
sample can be determined (Fig. 4-2 c).
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4.3 Materials and Methods
4.3.1 Sample Preparations
Purification of actin monomers (G-actin) from rabbit skeletal muscle acetone powder (PelFreeze Biologicals Inc., (Rogers, AR) was performed through gel filtering G-actin over Sephacryl
S300 size exclusion column equilibrated in buffer A (0.2 mM CaCl2, 1 mM NaN3, 2 mM Tris-HCl
pH 8.0, 0.2 mM ATP, 0.5 mM DTT) as previously described [13, 42, 51, 198]. G-actin bound with
Ca2+ was subjected to cation exchange by ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′tetraacetic acid (EGTA) to Mg2+ with the addition of 0.2 mM EGTA and MgCl2 concentration
equal to the initial G-actin concentration plus 10 μM. Following the cation exchange,
polymerization of G- to actin filaments (F-actin) was performed [13, 42, 51, 198].
To form actin bundles, unlabeled F-actin was allowed to polymerize for 1-2 hrs and subjected
to high concentrations of either cations or crowding agents. Cation-induced bundles were formed
by use of 0.1 volume 10X MI buffer (300 mM Mg2+, 100 mM imidazole pH 7.0, 10 mM ATP, and
10 mM DTT). Formation of depletion-induced bundles was achieved by addition of crowding
buffer (Ficoll 70 20% w/w or polyethylene glycol (PEG) 5% w/w) in 1X KMI (50 mM KCl, 2 mM
Mg2+, 10 mM imidazole pH 7.0, 1 mM ATP, and 1 mM DTT). Crowding agent concentrations for
experiments were, Ficoll 70 (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) 1%
w/w (~0.16 mM), 5% w/w (~0.79 mM), and 10% w/w (~1.56 mM) or PEG 8kDa
Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) at 1% w/w (~1.38 mM), 5% w/w
(~6.94 mM), and 10% w/w (~13.88 mM). These specific crowding conditions were chosen based
on the intracellular volume occupancy of ~5-40% [56, 60], while Mg2+ conditions (10-50 mM)
were selected based on previous work shown in Castaneda et al. [13] and intracellular [Mg2+]
[153].
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4.3.2 Atomic Force Microscopy (AFM) and Nanomechanics Analysis
Mica substrates were freshly cleaved and the addition of 50 μL of positively charged binding
agent (3-Aminopropyl)triethoxysilane (APTES) (0.1% v/v) was pipetted onto the mica surface and
allowed to bind for 10 mins [155, 156]. Prior to addition of bundle samples, the APTES-coated
mica was rinsed with a gentle stream of ddH2O and dried with compressed air [155, 156].
Following the drying of the mica surface, 5 μL of bundle sample in the respective crowding or
cation environment, at a concentration of ~10 μM, was placed on top the APTES coated mica
surface and allowed to bind for ~5 mins [156]. Then, the addition of corresponding sample buffer
was added onto the bundle bound mica surface at a volume of ~50 μL.
Nanomechancial and height changes of bundles in liquid environment was determined by using
a Dimension FastScan AFM (Bruker, Santa Barbara, CA, USA). Imaging was first conducted in
Peak Force Quantitative Nanomechanical Mapping (PFQNM) tapping mode (256 x 256 pixels) at
a scan size ranging from 1-5 μm. The AFM cantilever tips used for the experiments were gold
coated FASTSCAN-C tips with a triangular tip shape, tip radius of ~5 nm, spring constant of 0.8
N/m, and resonant frequency of ~300 kHz (Bruker, Santa Barbara, CA, USA). Cantilever tips were
calibrated as previously described in Heu et al. [199]. Briefly, the tip is engaged onto a stiff (glass)
substrate in dilute, crowded, or cation buffer conditions with calculated deflection sensitivity
~51.19-150.00 nm/V. The tip is withdrawn, and the spring constant is determined by using a
thermal tune or sweep in the frequency of the cantilever revealing the resonance peak.
Force curve measurements on actin bundles were taken using PFQNM mode at a scan rate of
0.2-0.5 Hz with a peak force setpoint of ~800 pN and cantilevers were oscillated at a peak force
frequency set to 0.25 kHz at a temperature of ~20 °C. The Poisson ratio of actin has been
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previously investigated to be ~0.3 for actin filaments and crosslinked bundles [200-202]. We
estimated our 𝐸 values with an assumed Poisson value of 0.3. For determination of relative
Young’s modulus, the retraction and approach curves were similar for all crowding and cation
conditions showing a negligible contribution of adhesion allowing for a classic Hertz model to fit
the force curves:
𝐹=

4

𝐸

3 (1−𝑣 2 )

√𝑅𝛿 3/2

(1)

where 𝐸 is the relative Young’s modulus of the actin bundle, 𝑣 is the estimated Poisson ratio of
the bundle, and 𝑅 is the nominal radius of the tip. Analysis of the collected force curve bundle
measurements was achieved by use of NanoScope Analysis v. 2.0 software (Bruker). Alterations
to bundle height by crowded or cations environments were analyzed by profile extracting tool in
Gwyddion software [203].
4.3.3 Statistical Analysis
Statistical significance for each of the actin bundle 𝐸 and height measurements were
determined using OriginLab v.8.5 software. Multiple analysis of variance (ANOVA) and post hoc
Tukey test determined the probability (p-value) showing the significant modulations between
samples. Notations for p-values: n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
4.4 Results
4.4.1 Cation-induced Bundle Height and Young’s Modulus are Modulated in Crowded
Environments
We used AFM to determine the height and nanomechanical properties of cation-induced actin
bundles in solution of macromolecular crowding agents. Cation-induced bundles were formed by
addition of physiologically relevant divalent cation (10-50 mM Mg2+) [13, 25] and then bundles
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were placed in buffer solutions with varying concentrations of Ficoll or PEG (1-10% w/w). Dilute
buffer conditions displayed a mixture of both cation-induced actin bundles and actin filaments
(Fig. 4-3 A). Furthermore, cation-induced bundles control exhibited short periodic striations along
the bundle surface not visualized with the addition of Ficoll or PEG (Fig. 4-3 A). This type of
pattern has been previously observed with actin filaments both in vitro and in cells [204]. Upon
addition of Ficoll and PEG (1-10% w/w) bundles exhibited an increase in height (Fig. 4-3 A).
Bundle control displayed height distribution centered at ~8 nm, however bundle height was shown
to increase with a shift in the distribution center to ~30 nm in Ficoll (10% w/w) (Fig. S1 A
Appendix C). In addition, cation-induced bundles in varying PEG environments were similarly
shown to have a distribution centered at ~8 nm (Fig. S1 B Appendix C). When increasing the
concentration of PEG to 10% w/w bundle height distribution centered ~20 nm however bundle
heights of ~45 nm can occasionally be observed (Fig. S1 B Appendix C).
Nanomechanical properties of bundles such as Young’s modulus (𝐸) can be obtained from
height images due to each pixel containing force curve measurements provided by PFQNM mode.
Prior to determining nanomechanics of our bundles, we performed imaging and mechanical
measurements of mica substrates coated with APTES binding agent (Fig. S2 Appendix C). Then,
force curve measurements were taken along the center of cation-induced bundles and analyzed for
changes to 𝐸 (Fig. 4-3 B). Representative force curves taken normal to the direction of the cationinduced bundle showed that bundle approach and retract curves were similar for both control and
crowding conditions with negligible influence of adhesion (Fig. 4-3 B). Due to the approach and
retract curves being similar we chose to analyze the retract curve by fitting the slope of the retract
curve with Hertz model (see details in Materials and Methods) (Fig. 4-3 C). Interestingly,
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histograms of cation-induced bundle 𝐸 in crowding revealed that increasing Ficoll and PEG
concentrations narrows and shifts the distribution to reduced 𝐸 values (Fig. S3 Appendix C) In the
presence of increasing Ficoll (1-10% w/w) cation-induced bundles control showed an averaged
value of 𝐸 ~60 ± 9.9 MPa (Fig. 4-4 A). The addition of lowest Ficoll condition (1% w/w) leads to
~8% reduction in bundle 𝐸 (~49 ± 5.8 MPa) (Fig. 4-4 A). However, increasing Ficoll up to 10%
w/w bundles exhibit a significant decrease in 𝐸 by ~6-fold (~5.0 ± 3.7 MPa) (Fig. 4-4 A). For
cation-induced bundles in PEG, the results showed a more drastic reduction in bundle 𝐸 with the
initial presence of PEG (1% w/w) reducing bundle 𝐸 by ~45% (~32 ± 17 MPa) (Fig. 4-4 B). In
addition, as the PEG concentration was increase to 10% w/w a reduction of ~4-fold in bundle 𝐸
with a value of ~15 ± 9.2 MPa was determined, as compared to bundle control (~60 MPa) (Fig. 44 B).
4.4.2 Depletion-induced Bundle Height and Young’s Modulus are Influenced by Ionic
Environments
We set out to determine the height and nanomechanical changes to depletion-induced bundles
in solutions with varying [Mg2+] using AFM. We formed bundles by addition of crowding agents
Ficoll (20% w/w) or PEG (5% w/w) and subjected bundles to divalent cationMg2+ (10-50 mM).
Both Ficoll- and PEG-induced actin bundle controls did not visibly display short periodic striations
as previously shown in cation-induced bundles, possibly due to the initial presence of crowding
agents (Fig. 4-5 A-B). Ficoll-induced actin bundle height was shown to increase at 50 mM Mg2+,
while PEG-induced bundle height increased at both 30 and 50 mM Mg2+ (Fig. 4-5 A-B). Ficollinduced bundle control height was shown to center ~7 nm and showed a broadening of height
distribution at the lowest 10 mM Mg2+ (Fig. S4 A Appendix C). At 30 mM Mg2+ bundle height
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distribution was shown to be mainly centered at ~8 nm while 50 mM Mg2+ bundle height
distribution is shown to center at ~14 nm (Fig. S4 A Appendix C). PEG-induced bundle control
height was measured to distributed at ~8 nm (Fig. S4 B Appendix C). However, increasing [Mg2+]
led to significant alterations in PEG-induced bundle height observed at 30 mM [Mg2+] with a
distribution centered at ~30 nm with occasional bundles observed at ~60 nm (Fig. S4 B Appendix
C). Upon increasing the [Mg2+] to 50 mM bundle height shifts in distribution to ~14 nm (Fig. S4
B Appendix C).
Next, we analyzed the Young’s modulus (𝐸) of depletion-induced actin bundles in varying
Mg2+ (10-50 mM) (Fig. 4-5 C-D). We collected and analyzed force curve measurements to
determine the variations of depletion-induced bundle 𝐸, as previously performed with cationinduced bundles. Representative force curves taken normal to the direction of the depletioninduced bundles showed that bundle approach and retract curves were comparable for both control
and in varying Mg2+ with negligible influence of adhesion. (Fig. 4-5 C). We obtained 𝐸 of our
depletion-induced bundles by fitting the slope of the retract curve to Hertz model (Fig. 4-5 D).
Histograms of Ficoll-induced actin bundles demonstrated that bundles experience a narrowing in
the overall distribution and shift to lower values of 𝐸 as the [Mg2+] increases (Fig. S5 A Appendix
C). In addition, PEG-induced bundles showed a similar behavior of narrowing and reduced 𝐸
values with rising [Mg2+] (Fig. S5 B Appendix C). Ficoll-induced bundle control showed an
average of 𝐸 ~18 MPa ± 6.6 MPa (Fig. 4-6 A). The addition of initial [Mg2+] (10 mM)
demonstrated a slight reduction in Ficoll-induced bundle 𝐸 with a reduction of ~10% (~16 ± 2.2
MPa) (Fig. 4-6 A). However, increasing the [Mg2+] up to 30 mM showed the greatest change with
bundle 𝐸 ~7 ± 4 MPa a ~2-fold reduction (Fig. 4-6 A). On the other hand, PEG-induced bundle
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control 𝐸 showed an average of ~40 ± 15 MPa (Fig. 4-6 B). At the lowest [Mg2+] (10 mM) bundle
𝐸 was measured to be ~20 ± 9.7 MPa, while increasing [Mg2+] to 30 and 50 mM displayed a
significant reduction in 𝐸 of bundles with the lowest 𝐸 ~4 ± 1 MPa for 30 mM Mg2+ (Fig. 4-6 B).
4.5 Discussion
The goal of this study is to investigate the alterations of cation- and depletion-induced actin
bundle nanomechanics and organization in the presence of crowding and cations. This work
connects how the presence of electrostatic and depletion interactions modulate actin bundle
mechanics and organization on the nanoscale. We demonstrate that cation-induced bundles in
crowding show a reduction in bundle 𝐸 as well as increase in height. Depletion-induced bundles
can be impacted by the increase in divalent cation concentrations with measured reductions to 𝐸
and an increase in bundle height. Overall, this study suggests that modulations to bundle mechanics
and organization are driven by electrostatic and excluded volume effects measurable on the
nanoscale.
The measured nanomechanical properties of bundles in crowding or cation conditions suggest
that bundles could experience changes in interfilament distance impacting local deformation of
cantilever tip. Our results demonstrate that cation-induced bundles exhibit a reduction in 𝐸 with
increasing concentrations of Ficoll or PEG (Fig. 4-4 A-B). In comparison, Ficoll-induced bundles
can sustain their mechanics in cation environments while PEG-bundles are susceptible to cations
and undergo alterations to mechanics (Fig. 4-6 A-B). Previous investigations to determine
mechanical properties of actin bundles utilized total internal reflection fluorescence (TIRF)
microscopy [13]. Although the investigation by Castaneda et al. demonstrated that bundle bending
persistence length (Lp) can be modulated with varying cation conditions, microscopy imaging is
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limited by 2-dimensions (2-D) while AFM can perform nanomechanical measurements on the
nanoscale and in 3-dimensions (3-D). A recent study utilizing both TIRF and AFM revealed that
the nanomechanics of bacteria can withstand greater localized cantilever deformation in 3-D rather
than longitudinal bending (2-D) [196]. The elastic response of cation- and depletion-induced
bundles exhibited in this investigation elucidate the opposite response to applied external load
potentially due to a change in filament packing reducing 𝐸.
The organization of filaments [205] and thickness of bundles [206] could be key factors in
determining bundle mechanical properties. For example, actin bundles induced by depletion
interactions were shown to increase in thickness as well as elastic modulus with an increase in
PEG [66]. Previous investigations by our lab have shown the presence of crowding can
significantly reduce the diameter of crosslinked actin bundles and possibly impact filament spacing
[162]. Divalent cations were previously shown to alter interfilament distance in bundles with the
greatest filament spacing at ~7 nm for 30 mM Mg2+ [13]. In addition to bundle organization and
interfilament distances, the packing of filaments within the bundle could impact bundle height
[205, 207]. For example, cation-induced bundle height was shown to increase up to ~4-fold with
addition of 10% w/w Ficoll and PEG (Fig. S2 A-B Appendix C). However, Ficoll-induced bundles
maintained their height with minimal changes while PEG-induced bundles were shown to be
modulated by increasing cation conditions (Fig. S4 A-B Appendix C). A possible explanation for
the changes to bundle organization, interfilament distance, and height could be found in the
crowder chemical structure, size, and weight. In our concentration regimes Ficoll is considered to
be compacted and spherical with a size of ~40 Å, while PEG 8k is a linear polymer with a size of
~24 Å [56]. Ficoll could promote entropically driven enhanced bundle organization by hindering
electrostatic interactions with surrounding filaments [177]. In contrast, the linear crowder PEG
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could interact with filament domains as previously shown in [51]. Overall, these changes observed
to actin bundle nanomechanics, organization, and geometry driven by crowding and cation
interactions could impact the assembly and regulation of actin bundles, as well as bundle functions
such as network formation [208], mechanosensing [179], or cell motility [68].
4.6 Conclusion
In this Chapter, we have demonstrated through nanoscale imaging and analysis that cationand depletion-induced actin bundles can undergo alterations to their mechanics and organization
by varying macromolecular crowding and cation concentrations. Cation-induced actin bundles
experience alterations to both nanomechanics and height. In contrast, Ficoll-induced bundles can
sustain their mechanics and height while PEG-induced bundles are more susceptible to cation
environments evidenced by decrease in bundle 𝐸 and increase in height. Our work leads to the
understanding of how actin bundle mechanics and organization can be influenced by varying
crowding and cation environments on the nanoscale and bridges the gap in knowledge for
determining actin bundle regulatory processes in cells. We envision the work discussed in the
chapter allows for aiding in the understandings of other protein related diseases such as
Parkinson’s and Huntington’s diseases, as well as biomarker development for cytoskeletal
modulations in the various forms of cancer metastasis.
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Figure 4-1. Schematic diagram of AFM setup. Components of AFM include: a cantilever, laser
source, photodiode detector, and controller. The setup measures tip-bundle interactions by
measuring alterations to cantilever deflections caused by variations in bundle topography.
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Figure 4-2. Schematic representation of Peak Force Tapping-Quantitative Nanomechanical
Measurements mode. (a) Trajectory of the cantilever tip with the sample surface. (b) Plot
demonstrating the force and position of the cantilever as a function of time where, 1 is movement
of the cantilever to the sample, 2 is contact of the cantilever to the sample, 3 is peak force applied
to the sample by the cantilever, 4 is withdrawal movement of the cantilever, and 5 is complete
withdraw of the cantilever from the surface. (c) Schematic of a force-distance curve which is
collected during each of the tapping cycles. The figure was adapted from reference: [209]
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Figure 4-3. Cation-induced bundle AFM imaging and nanomechanical analysis in macromolecular
crowded environments. (A) Representative AFM images of cation-induced bundles in the absence
and presence of increasing concentrations of Ficoll (1-10% w/w) or PEG (1-10% w/w). [Actin
bundle] ≈ 15 µM and scale bar = 400 nm. (B) Representative force curves revealing the elastic
behavior of cation-induced bundles. (C) Histogram of cation-induced bundle control 𝐸 obtained
from force curves measurements along the bundle. The distribution of 𝐸 is fit with Gaussian
function (solid line). Total number of force curves analyzed N ≈ 150.
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Figure 4-4. Cation-induced bundle 𝐸 in the absence and presence of varying macromolecular
crowded environments. Quantification of bundle 𝐸 in (A) Ficoll (1-10% w/w) or (B) PEG (1-10%
w/w) conditions. Cation-induced bundle 𝐸 was fitted using Hertz model and significant difference
to bundles determined by Tukey test (n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001).
Total number of force curves analyzed per condition N ≈ 150.
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Figure 4-5. Depletion-induced actin bundle AFM imaging and nanomechanical analysis. (A-B)
Representative AFM images of depletion-induced bundles in the absence and presence of
increasing [Mg2+] (10-50 mM Mg2+). (A) 20% w/w Ficoll bundles + 10-50 mM Mg2+ and (B) 5%
PEG bundles + 10-50 mM Mg2+. [Actin bundle] ≈ 15 µM and scale bar = 400 nm. (C)
Representative force curves of Ficoll-induced bundle control demonstrating Ficoll-induced bundle
elastic behavior. (D) Histogram of Ficoll-induced bundle control 𝐸 acquired from force curves
measurements along the bundle. The distribution of 𝐸 is fit with Log-normal function (dashed
line). Total number of force curves analyzed N ≈ 150.
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Figure 4-6. Depletion-induced bundle 𝐸 in the absence and presence of varying [Mg2+].
Quantification of (A) Ficoll-induced or (B) PEG-induced actin bundle 𝐸 in 10-50 mM Mg2+
conditions. Depletion-induced bundle 𝐸 was fitted using Hertz model and significant difference to
bundles determined by Tukey test (n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.001). Total
number of force curves analyzed per condition N ≈ 150.
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CHAPTER 5: ELECTROSTATIC AND DEPLETION INTERACITONS
MODULATE ACTIN BUNDLE ASSEMBLY KINETICS
5.1 Introduction
The dynamic rearrangement of the actin cytoskeleton is critical in multiple cell functions such
as motility [4, 210] and maintaining of cell shape [54]. Actin filaments are assembled by the
hydrolysis of nucleotides and presence of ions that allow for the nucleation of actin monomer
oligomers, elongation to actin filaments, and reaching equilibrium steady-state [4, 211].
Intracellular environments are crowded with various macromolecules and ions and these
conditions can impact the assembly and stability of actin formation [54, 94, 95]. Actin filaments
can be formed into higher-ordered bundle structures through depletion forces [11, 26, 80] or
counterion condensation [12, 13, 25]. Depletion interactions form actin bundles by reducing
accessible volume between actin filaments through excluded volume effects [62]. In comparison,
counterion condensation forms actin bundles by reducing the surface charge on actin filaments and
promoting filament lateral aggregation [12, 13].
The individual effects of varying macromolecular crowding [54, 95] and cation interactions
[13, 212] on the assembly of actin has been previously investigated. Drenckhahn et al.
demonstrated that actin filament elongation can be accelerated by different crowding solvents
[109]. In addition, crowding was shown to accelerate actin filament assembly as well as enhance
filament stability [54, 95], evidenced by alterations to actin critical concentrations [54]. In
comparison, cation concentrations were shown to influence the assembly of actin bundling [13].
Gurmessa et al. revealed the effects of varying cation concentrations on the formation of actin
bundled networks and the possible influences to actin bundle mechanics and structure [69]. These
93

investigations have begun to elucidate the impacts of both macromolecular crowding and cation
interactions on actin filament and bundle polymerization, however, the effects of these combined
environmental conditions on actin bundle formation have not been well established.
In this study, we investigate the effects of combined crowding and cation interactions on the
assembly kinetics of actin bundles. Our hypothesis is that macromolecular crowding will decrease
the assembly kinetics of cation-induced actin bundles through excluded volume effect. To
demonstrate crowding effects on bundle assembly, bundle formation was monitored in real-time
by using pyrene fluorescence kinetics assay as well as time-lapse total internal reflection
fluorescence (TIRF) microscopy imaging. We show that crowding reduces the apparent elongation
rates of cation-induced actin bundles dependent on crowding concentrations. In addition, real-time
TIRF imaging shows that bundle formation can experience modulations in nucleation and
elongation phases as well as formation of bundled networks by increasing crowding conditions.
Overall, this study suggests that the assembly kinetics of actin bundles are sensitive to electrostatic
and depletion interactions in a multi-component system.
5.2 Materials and Methods
5.2.1 Actin Pyrene Sample Preparation
Actin was purified from rabbit skeletal muscle acetone powder (PelFreeze Biologicals Inc.,
Rogers, AR, USA) and gel filtered over Sephacryl S-300 column equilibrated with G-Buffer (2
mM Tris-HCl pH 8.0, 0.2 mM CaCl2, 1 mM NaN3, 0.2 mM ATP, 0.5 mM DTT). Actin monomers
were fluorescently labeled with pyrene (Molecular Probes, Eugene, OR) as previously described
in [213]. Labeling efficiency was 0.80-0.90 fluorophore per actin. Ca2+ bound pyrene labeled Gactin was diluted in the absence or presence of G-buffer and varying Ficoll and PEG concentrations
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(1-5% w/w) to 20% pyrene labeled. Following the dilution, actin monomers experienced cation
exchange from Ca2+-G-actin to Mg2+-G-actin as previously described in [13, 51]. Once the cationexchange had been completed, the formation of cation-induced actin was performed by the
addition of 10X cation buffer solutions (100-500 mM MI buffer solutions), as previously described
in Chapter 3.
5.2.2 Actin Bundle Polymerization Assay
The formation of cation-induced bundles in varying macromolecular crowding concentrations
was monitored by pyrene fluorescence (λex 366 nm and λem 407 nm) using a Gemini XPS
Microplate reader (Molecular Devices, CA, USA). Spontaneous formation of cation-induced
bundles (20% pyrene-labeled) were assembled within 2 hrs with interval readings every 5 sec at
25 °C. Corresponding background solutions containing the absence or presence of crowding agents
or 5 μM Mg2+-bound pyrene G-actin solutions were added to a row of a Costar 96-well black
bottom plates (Corning, Corning, NY, USA). Reaction mixtures were started upon the addition of
the cation buffer solutions for bundle formation. Cation-induced actin bundles in the absence and
presence of crowding agents were analyzed for modulations to elongation phases by determining
changes to data slopes at t1/2 of the elongation phase [214] calculating the apparent elongation rates
and plotting the data using OriginLab software (v.8.5).
5.2.3 TIRF Microscopy Imaging and Flow Cell Preparation
Actin monomers (2 μM, 20% Alexa 488 labeled, 0.3% Biotin Labeled) were subjected to Gbuffer with or without macromolecular crowding agents Ficoll and PEG 8 kDa (1-5% w/w) and
subjected to cation exchange at room temperature (25 °C). For imaging, 0.2 mg/mL glucose
oxidase, 1 mg/ml catalase, and 15 mM glucose were added to the cation exchanged actin
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monomers to aid in reduction of photobleaching. Microscope slides were cleaned as previously
described in [215]. Briefly, microscope slides and coverslips (24 x 40) were sonicated for 45 mins
at 60 °C in 1M KOH, 1M HCl, and finally 70% EtOH [215]. Microscope slides were dried with
compressed air and stored.
For time lapse imaging, a PEG solution containing both Biotin-PEG 3400 (Laysan Bio., Inc.
Arab, AL) and PEG 2000 (Laysan Bio., Inc. Arab, AL) were mixed with a ratio of 1:350 (BiotinPEG to PEG) in 80% EtOH containing 1% HCl. The PEG solution was added to the coverslips
and incubated overnight in a hot water bath at 60 °C. Coverslips were then rinsed with ddH2O,
dried with compressed air, and double-sided tape was used to a create a flow chamber ~4 mm in
width. A streptavidin solution (10 mg/mL bovine serum albumin (BSA), 100 nM Streptavidin in
1X KMI (KCl 50 mM, 2 mM MgCl2, and 10 mM Imidazole pH 7.0)) was flowed in the chamber
allowing for binding of streptavidin to the PEG coated surface and incubated for 5 mins [215].
Mg2+-G-actin was then added to the flow chamber and allowed to incubate for 5 mins. Once the
Mg2+-G-actin was bound to the flow chamber, 1X MI buffer (10-50 mM MgCl2, 10 mM Imidazole
pH 7.0) was added to the channel to induce formation of bundles. Time lapse imaging occurred
using a Nikon Eclipse Ti fluorescence microscope outfitted with a Hamamatsu ORCA-Flash 4.0
camera, an 100X oil immersion objective (N.A. 1.49), and pixel size of 0.07 μm/pixel for a total
time of 30 min with 5 sec intervals between images. Image analysis was performed using Nikon
imaging software Elements (v.5.0.2).
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5.3 Results
5.3.1 Polymerization Kinetics of Cation-induced Actin Bundle Assembly is Modulated by
Macromolecular Crowding
First, we monitored the polymerization assembly kinetics of actin bundles induced by varying
[Mg2+] (10-50 mM) in non-crowded conditions (Fig. 5-1). To quantify the changes to actin bundle
polymerization at the elongation phase (apparent elongation rate) we incorporated the analysis as
previously described in Doolittle et al. [214] (see Materials and Methods for details). The presence
of the lowest [Mg2+] (10 mM) led to acceleration of bundle formation (Fig. 5-1 and Table 5-1).
Increasing [Mg2+] to 30 mM and 50 mM was shown to decelerate the polymerization of actin
bundles (Fig. 5-1 and Table 5-1).
Following the determination of bundle polymerization in the absence of crowding, we
subjected bundles to varying Ficoll conditions (Fig. 5-2 A). First, 10 mM Mg2+ cation-induced
bundles in lowest Ficoll (1% w/w) led to a ~2.5-fold decrease in polymerization as compared to
control (Fig. 5-2 A and Table 5-1). However, when the concentration of Ficoll was increased to
3% w/w the formation of 10 mM Mg2+-bundles was accelerated by ~3.2-fold followed by a ~20%
deceleration of bundle assembly at 5% w/w (Fig. 5-2 A and Table 5-1). Next, 30 mM Mg2+induced bundles in Ficoll led to a ~1.05-fold increase in bundle assembly (1% w/w). Increasing
Ficoll to 3-5% w/w bundles experienced an increase of ~1.5-fold in assembly from control (Fig.
5-2 B and Table 5-1). 50 mM Mg2+-induced bundles displayed a ~1.05-fold increase when Ficoll
was initially added at 1% w/w (Fig. 5-2 C and Table 5-1). When Ficoll was increased to 3% w/w
and 5% w/w, 50 mM Mg2+-induced bundles displayed a slight increase in assembly (Fig. 5-2 C
and Table 5-1).
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We evaluated cation-induced bundle assembly in varying PEG concentrations that showed
PEG has a distinct effect on bundle assembly as compared to Ficoll (Fig. 5-3 and Table 5-2). For
example, the 10 mM Mg2+-induced bundles in low (1% w/w) PEG showed a drastic reduction to
bundle assembly with a ~5-fold reduction as compared to control (Fig. 5-3 A and Table 5-2).
Increasing the concentration of PEG to 3% w/w showed a slight increase to bundle assembly, while
5% w/w displayed a ~80% reduction in bundle assembly (Fig. 5-3 A and Table 5-2). 30 mM Mg2+induced bundles exhibited a different behavior with a steady increase to bundle assembly at the
lowest (1% w/w PEG) and 3% w/w PEG (Fig. 5-3 B and Table 5-2). However, at the highest PEG
concentration (5% w/w) there was a reduction to bundle assembly by ~4.3-fold (Fig. 5-3 B and
Table 5-2). 50 mM Mg2+-induced bundles displayed a similar behavior as 30 mM Mg2+-induced
bundles, at 1% and 3% w/w PEG showing a similar assembly in the lowest (1% w/w PEG) 3%
w/w PEG concentrations (Fig. 5-3 C and Table 5-2). However, at 5% w/w PEG 50 mM Mg2+induced bundles displayed a reduction to bundle assembly by ~4-fold as compared to control (Fig.
5-3 C and Table 5-2).
5.3.2 Real-time Imaging of Cation-induced Actin Bundle Assembly In Macromolecular Crowded
Environments
To visualize and determine the localized effects of macromolecular crowding on cationinduced actin bundle assembly we performed real-time TIRF imaging. Direct monitoring of bundle
assembly was conducted using a biotin-PEG functionalized flow cell with actin monomers labeled
with biotin and Alexa 488 (See Materials and Methods for details). First, we visualized the
formation of cation-induced actin bundles in the absence of macromolecular crowding agents (Fig.
5-4). In the case of 10 mM Mg2+-induced bundles, we found that minimal bundles were first

98

formed at low cation concentration at ~20 mins (Fig. 5-4 A). However, increasing the [Mg2+] led
to an enhanced rate of formation where 30 and 50 mM Mg2+ bundles were first formed ~15 mins
(Fig. 5-4 B-C).
Following the real-time imaging of cation-induced actin bundles in the absence of crowding,
we subjected bundles to increasing Ficoll concentrations (Fig. 5-5 - 5-7). 10 mM Mg2+-induced
bundles were shown to be impacted by the presence of Ficoll (1-5% w/w) with a hinderance in
bundle formation as well as formation of disordered bundles (Fig. 5-5). For 30-50 mM Mg2+induced bundles, increasing Ficoll concentrations (1-5% w/w) showed a similar behavior with
reductions in the number of bundles formed and a visual hinderance in bundle formation (Fig. 5-6
and 5-7). In two representative examples, we observed the formation of 30 mM Mg2+-induced
bundles in the absence and presence of Ficoll (5% w/w) (Fig. S1 and S2 Appendix D). Formation
of an individual actin bundle in dilute buffer was shown to laterally contact a forming filament in
close proximity to its terminal region, respectively, and fuse generating a larger bundle by a catch
and zip mechanism as described in Hoffman et al. [216] (Fig. S1 Appendix D). In comparison,
addition of Ficoll (5% w/w) led to a reduction in the growth of the representative bundle as well
as experiencing fewer binding events with the forming adjacent filament to the growing bundle
(Fig. S2 Appendix D).
We further determined the impacts of varying PEG environments on the formation of cationinduced actin bundles using real-time imaging (Figs. 5-8 - 5-10). The addition of the lowest PEG
concentration (1% w/w PEG) revealed that 10 mM Mg2+-induced bundles form aggregate
structures with robust and disordered branching of bundles (Fig. 5-8 A). However, increasing the
PEG concentration displayed ordered bundles are formed at the higher PEG concentration of 3%
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w/w and 5% w/w (Fig. 5-8 B-C). Cation-induced actin bundles formed at 30 mM Mg2+ were shown
to experience modulations to their ordered structure at the onset of PEG (1% w/w) (Fig. 5-9 A).
When the PEG concentration was increased to 3% and 5% w/w PEG 30 mM Mg2+-induced bundles
were shown to appear ordered in both conditions (Fig. 5-9 B-C). Representative images of
individual 30 mM Mg2+-induced bundle formation at 5% w/w PEG demonstrated that bundles
were highly ordered and can experience binding events with adjacent filaments to the growing
bundle (Fig. S3 Appendix D). Images of cation-induced actin bundles formed at the highest [Mg2+]
(50 mM) showed presence of disordered bundles with loosely packed filaments at 1% w/w PEG
concentration (Fig. 5-10 A). When the concentration of PEG was increased to 3% and 5% w/w
bundles appeared ordered, however increasing to 5% w/w lead to formation of bundled networks
(Fig. 5-10 B-C).
5.4 Discussion
The motivation of this study was to investigate how the assembly of cation-induced actin
bundles were modulated in the presence of macromolecular crowded environments. While the
impacts of macromolecular crowding on the assembly of actin filaments have been individually
investigated [54, 95, 107, 109], this work bridges the knowledge gap for understanding whether
crowding and cation interactions either cooperatively or counteractively impact bundle formation.
We demonstrate that crowding influences the assembly of cation-induced actin bundles by either
accelerating or decelerating elongation phases of bulk bundle assembly kinetics. In addition, realtime imaging of cation-induced bundle formation in crowding demonstrates that crowding can
promote formation of either ordered or disordered bundle structures. These results suggest that the
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assembly of actin bundles were sensitive to electrostatic and depletion interactions in a multicomponent system.
Macromolecular crowding agents, such as Ficoll and PEG, have been previously shown to
promote high microviscosity environments and entropically driven depletion interactions on actin
[107]. Rashid et al. demonstrated that actin filaments can experience an increase in polymerization
rate due to the increase in excluded volume and microviscosity [107]. In our case, although similar
crowding agents were used, the polymerization of cation-induced actin bundles was reduced
indicating a potential counteractive behavior between cation and crowding conditions (Figs. 5-2
and 5-3). The increase in crowding concentrations could lead to a rise in both bulk- and microviscosities of the surrounding actin monomers during bundle formation [107, 217]. A change in
microviscosity would therefore result in a reduction of actin bundle polymerization as shown by
pyrene fluorescence kinetics assay results (Fig. 5-2 and 5-3). In addition, assembly of actin
filaments in various crowded and cosolvent environments were shown to influence the nucleation
and critical concentration of actin leading to an acceleration of assembly [54, 95]. Cation-induced
bundles in this study could experience a similar impact on the initial nucleation phase of assembly,
illustrated by the increase to initial filament formation early in the time-lapse imaging (Figs. 5-4 –
5-10). These changes to bundle assembly illustrate that cation-induced bundle formation is
sensitive to slight changes in viscosity (bulk and micro) and are potentially impacted in the initial
nucleation phases.
Real-time imaging suggests that varying cation and crowded environments lead to alterations
in structural packing of bundles dependent on crowder type and concentration (Figs. 5-4 – 5-10).
For example, bundles induced by 30 mM Mg2+ at the highest Ficoll and PEG concentrations (5%
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w/w) showed that bundles can exhibit branching (Fig. 5-6) or enhanced filament packing (Fig. 59) of filaments within the bundle. The organization of filaments [205] and thickness of bundles
[206] could explain the changes to bundle mechanical properties as explored in previous chapters
(Chapter 3 and 4). For example, the bending persistence length (Lp) as well as bundle diameter of
cation-induced actin bundles in absence of crowding was recently investigated [13]. Bundles
formed by cation interactions are dominated by the presence of electrostatic interactions, however,
high crowding conditions could favor the reorganization of actin bundle assembly and packing
through entropic forces limiting binding of actin monomers to filament barbed ends [109] or
number of filaments per bundle [68]. In addition to the hypothesized changes in bundle packing,
we speculate that the physical and chemical structures of crowding agents Ficoll (spherical
crowder (~24 Å)) and PEG (linear polymer (~24.5 Å)) could be key factors in influencing the
assembly and stability of actin structure [56]. Investigations into the effects of crowding on actin
stability have demonstrated protein structure to be stabilized in crowded conditions leading to
alterations in polymerization kinetics [95]. Molecular dynamic (MD) simulations have elucidated
that if crowder and protein size are similar the influence of the crowding molecule could be
enhanced as compared to larger crowding agents [218]. These changes to actin bundle assembly
kinetics raised by crowding and cation interactions may counteractively impact bundle mechanics,
structure, and organization driving changes to bundle regulation in vivo.
5.5 Conclusion
We have demonstrated that formation of cation-induced actin bundles were impacted by the
presence of macromolecular crowding. Our experimental results indicate that macromolecular
crowding alters the elongation phases of cation-induced bundle formation which lead to reductions
in bundle assembly. The alterations to actin bundle assembly may influence the mechanical and
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structure properties of bundles when reaching steady-state phase. Therefore, understanding the
mechanisms in the formation of actin bundles in varying environmental conditions is key in
determining the various functions actin bundles serve in cells. Our study suggests that altering
electrostatic and crowded environmental conditions can regulate actin bundle formation as well as
the formation of higher-ordered cytoskeletal structures.
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Figure 5-1. Cation-induced actin bundle polymerization is modulated by the presence of varying
ionic concentrations. Pyrene labeled actin monomers (20% labeled, [actin] = 5 μM) was subjected
to increasing concentrations of Mg2+ (10-50 mM) in dilute buffer conditions. Data is an average
of N = 3 trials and time = 2 hrs. Polymerization of bundles by buffers: 1X MI (10-50 mM MgCl2,
10 mM Imidazole pH 7.0, 1 mM ATP, and 1 mM DTT).
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Figure 5-2. Macromolecular crowding agent Ficoll alters the assembly of cation-induced actin
bundles. (A) 10 mM Mg2+-induced bundles, (B) 30 mM Mg2+-induced bundles, and (C) 50 mM
Mg2+-induced bundles in 1-5% w/w Ficoll. Pyrene labeled actin monomers (20% pyrene labeled)
[5 μM] was subjected to increasing concentrations of Ficoll (1-5% w/w). Data is an average of N
= 3 trials and time = 2 hrs.
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Figure 5-3. Macromolecular crowding agent PEG influences the assembly of cation-induced actin
bundles. (A) 10 mM Mg2+-induced bundles, (B) 30 mM Mg2+-induced bundles, and (C) 50 mM
Mg2+-induced bundles in 1-5% w/w PEG. Pyrene labeled actin monomers (20% pyrene labeled)
[5 μM] was subjected to increasing concentrations of PEG (1-5% w/w). Data is an average of N =
3 trials and time = 2 hrs.
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Figure 5-4. Varying [Mg2+] modulates the assembly of actin bundles. Actin monomers (20% Alexa
and 0.5% Biotin labeled) [5 μM] were subjected to increasing concentrations of [Mg2+] (10-50
mM). Red circles indicate regions of initial bundle formation. Scale bar = 20 µm and time-lapse =
20 mins.
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Figure 5-5. Cation-induced actin bundle formation in varying Ficoll environments. 10 mM Mg2+induced bundles in (A) + 1% w/w Ficoll, (B) + 3% w/w Ficoll, and (D) + 5% w/w Ficoll. Red
circles indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm.
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Figure 5-6. Assembly of cation-induced actin bundle in varying Ficoll. 30 mM Mg2+-induced
bundles in (A) + 1% w/w Ficoll, (B) + 3% w/w Ficoll, and (D) + 5% w/w Ficoll. Red circles
indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm.
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Figure 5-7. Assembly of cation-induced actin bundle in varying Ficoll. 50 mM Mg2+-induced
bundles in (A) + 1% w/w Ficoll, (B) + 3% w/w Ficoll, and (D) + 5% w/w Ficoll. Red circles
indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm.
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Figure 5-8. Cation-induced actin bundle formation in varying PEG environments. 10 mM Mg2+induced bundles in (A) + 1% w/w PEG, (B) + 3% w/w PEG, and (D) + 5% w/w PEG. Red circles
indicate regions of aggregate or bundle formation. [Actin] = 5 µM and scale bar = 20 µm.
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Figure 5-9. Cation-induced actin bundle formation in varying PEG environments. 30 mM Mg2+induced bundles in (A) + 1% w/w PEG, (B) + 3% w/w PEG, and (D) + 5% w/w PEG. Red circles
indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm.
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Figure 5-10. Cation-induced actin bundle formation in varying PEG environments. 50 mM Mg2+induced bundles in (A) + 1% w/w PEG, (B) + 3% w/w PEG, and (D) + 5% w/w PEG. Red circles
indicate regions of bundle formation. [Actin] = 5 µM and scale bar = 20 µm.
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Table 5-1. Quantification of apparent elongation rates (a.u.) of cation-induced actin bundles in
the absence (control) or presence of varying Ficoll crowded environments.
Sample
Conditions
10 mM Mg2+
30 mM Mg2+
50 mM Mg2+

Control
1.55
0.98
0.82

1% w/w
Ficoll
0.62
1.02
0.90
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3% w/w
Ficoll
2.38
1.40
0.91

5% w/w
Ficoll
1.88
1.48
1.00

Table 5-2. Quantification of apparent elongation rates (a.u.) of cation-induced actin bundles in
the absence (control) or presence of varying PEG crowded environments.
Sample
Conditions
10 mM Mg2+
30 mM Mg2+
50 mM Mg2+

Control

1% w/w PEG

3% w/w PEG

5% w/w PEG

1.55
0.98
0.82

0.30
1.05
1.12

0.48
1.14
0.92

0.27
0.23
0.24
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CHAPTER 6: CONCLUSION & FUTURE OUTLOOK
In summary, we have established the fundamental interactions between actin bundle
mechanics, structure, and assembly in varying environmental factors. First, we demonstrated how
actin filament mechanics and structure can be modulated in the presence of macromolecular
crowded environments. Second, we explored in the impacts of both crowding and cations on the
mechanics and secondary structure of actin bundles. Third, we determined the impacts of both
crowding and cation interactions on actin bundle mechanics and organization on the nanoscale.
Finally, we compared the assembly of actin bundles in the presence of different crowded
environments to determine how bundles assemble in conditions that represent the intracellular
milieu. Our investigations showed how crowding and cation interactions promote alterations to
bundle mechanics, structure, and assembly mechanisms. Although previous studies have
independently shown the individual effects of both crowding and cations on actin filaments and
bundles, our work is the first to observe how depletion and electrostatic forces influence the
formation, mechanical, and structural properties of actin bundles.
These innovative and distinctive experimental results shed light on the potential regulatory
mechanisms that actin filaments and bundles encounter in cells, however, further experimental
research is required to push the field of actin forward. We would like to continue exploring more
areas of our projects, namely the visualization of actin bundle formation in real-time and on the
nanoscale using high-speed atomic force microscopy as well as determining nanoscale changes to
bundle secondary structure using nano-infrared spectroscopy (NanoIR). These experiments would
extend our understanding of how bundles can adapt to the ever-changing intracellular environment
while modulating their mechanical and structural properties. Still, the implications of our current
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works span a wide range of fields in biomedical science through improving our understanding of
how changes in the intracellular environment aid in promoting protein related disease states. It is
my hope from this work we can further understand how cancer cells alter their actin cytoskeleton
to promote metastasis, gain knowledge into the progression of amyloid fibrils in Parkinson’s
disease, and develop and improve biomarker generation for other disease-causing proteins such as
prions using the actin cytoskeleton as a model system.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2
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Figure S1. Filament conformation analysis from molecular dynamics simulations (a) Actin
filament consisting of 5 subunits (G1,G2,…,G5), based on recently resolved high-resolution F-actin
structure (PDB ID: 3J8I, Galkin et al.; Ref (42)), (b) Definitions of filament length (L) and width
(W) measurements. L is defined by the distance between nplus (t) and nminus (t) ends of F-actin. W
is the distance between center of masses of G1 and G2. (c) Twist angle (𝜃) is shown as the angle
between nplus (t) and nminus (t) ends of the filament. Details for calculating filament length, width,
and twist angle are described in Methods section.
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Figure S2. Representative filament mode amplitude variance (var(an)) plotted as a function of
mode number (n = 2, 3,…,10) for actin filaments in the presence of (a) PEG 8k (0, 1, 2, and 3%
w/w) and (b) sucrose (2,10,30, 40, and 50% w/w) shown in Fig. 2. The lowest mode (n = 1) is not
shown due to strong temporal correlations.
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Figure S3. (a) Representative average angular correlation functions of actin filaments in the
absence and presence of PEG 8k and sucrose, solid lines represent best fits of the data to equation
(4). (b) Bending persistence length (Lp) of filaments by cosine correlation analysis. and N ≈ 100 300 filaments per each condition (n.s. not significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
Uncertainty bars represent the standard deviation (SD).
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Figure S4. Comparison of crowder concentration-dependent filament average persistence lengths
(Lp) and solution viscosity for (a) PEG and (b) sucrose. Solution crowding concentrations are in
mass % (w/w%) and N ≈ 7 filaments per each condition. Uncertainty bars represent the standard
deviation (SD).
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Figure S5. Steady-state actin filament length distribution for varying crowding conditions (a)
Control, (b) PEG 1% w/w, (c) PEG 2% w/w, (d) PEG 3% w/w, (e) sucrose 2% w/w, (f) sucrose
10% w/w, (g) sucrose 30% w/w, (h) sucrose 40% w/w, and (i) sucrose 50% w/w. Log-normal
function appears to yield the best fit for filament length distributions. (Log-normal parameters are
listed in Table S1) The solid line is log-normal, the dashed-dot line is Gaussian, and the dashed
line represents double exponential fit. N ≈ 100 - 300 filaments.
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Figure S6. Structural modulations of actin filaments in the absence and presence of molecular
crowding (PEG and sucrose) during a 50ns equilibrium MD simulation. (a) radius of gyration (Rg)
and (b) twist angle (𝜃(t)) of simulated filaments.
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Figure S7. Inter-subunit interface of an actin filament (PDB ID: 3J8I, Galkin et al.; Ref (42)). Each
subunit is labeled G1, G2, …, G5 from the barbed (+)-end to the pointed (-)-end along the filament.
Interacting residue pairs are shown for longitudinal (between G3/G5, red circle) and lateral
contacts (between G3/G4, blue circle) in close-up views.
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Figure S8. Molecular crowder effects on each residue of actin filament. (a) Root mean square
fluctuation (RMSF) analysis of F-actin in the absence and presence of PEG and sucrose.
Modulations in the RMSF for PEG compared to control and sucrose can be found near D-loop area
(residue number 40-51). (b) Root mean squared displacement (RMSD) per residue of filaments.
Regions near D-loop, C-terminal (residue number 368-375), and partial region of subdomain 4
indicate greatest modulation in presence of crowding.
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Table S1. Values of log-normal model fitting for filament length distribution to equation (5) in the
presence of PEG 8k (1-3% w/w) and sucrose (2, 10, 30, 40, and 50% w/w).
Condition (w/w%)
Control
PEG
1%
2%
3%
Sucrose 2%
10%
30%
40%
50%

R2
0.92
0.98
0.94
0.97
0.95
0.96
0.95
0.93
0.92

Xc
4.88 ± 0.20
3.75 ± 0.05
4.83 ± 0.12
3.12 ± 0.08
5.39 ± 0.25
3.88 ± 0.12
2.97 ± 0.09
4.65 ± 0.30
3.52 ± 0.19
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ω
0.43 ± 0.04
0.35 ± 0.01
0.33 ± 0.03
0.46 ± 0.03
0.55 ± 0.04
0.45 ± 0.03
0.45 ± 0.03
0.57 ± 0.05
0.53 ± 0.05

A
84.69 ± 6.11
76.89 ± 2.41
63.44 ± 3.82
77.35 ± 3.47
77.44 ± 5.12
72.64 ± 3.71
74.62 ± 3.98
83.69 ± 6.30
87.03 ± 6.32

Table S2. Volume fraction (𝜙 𝑙 (𝑛𝑐 )) for simulated F-actin with PEG and sucrose calculated by
equation (9).

F-actin with PEG
F-actin with Sucrose
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𝝓𝒍 (𝒏𝒄 )
0.056
0.025

Table S3. Inter-subunit (longitudinal and lateral) contact areas of specific residue pairs shown in
Fig. S7 for control, F-actin with PEG and sucrose.
< Longitudinal > Contact Area (Å2)
M44:
Y143

M44:
G168

M47:
F352

K61:
E167

R62:
D288

I64:Y
166

Control

33.69

29.81

0.07

27.23

53.74

49.42

PEG
Sucrose

44.52
52.80

33.45
77.90

0.75
7.27

37.54
41.71

56.81
54.22

50.73
50.74

E241:
T324
0.000
0032
0.45
0.14

D244:
M325

G245:
P322

0.08

2.28

1.87
5.05

9.86
8.97

< Lateral > Contact Area (Å2)

Control
PEG
Sucrose

N111:T194
3.17
4.62
7.69

K113:E195
57.91
33.36
52

H173:I267
27.29
27.29
26.96
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V201/T202:S271
2.46
20.35
5.8
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Figure S1. Cation-induced actin bundles in the presence of macromolecular crowding. (A)
Illustration of cation-induced bundle experimental design with the formation of bundles by
addition of Mg2+ and then subjecting bundles to crowding conditions. (B-C) Average twodimensional cosine correlation plotted as a function of segment lengths for 30 mM Mg 2+ induced
bundles in the presence of (B) Ficoll 2-35% w/w and (C) 1-10% w/w PEG conditions.

131

Figure S2. Distribution of cation-induced actin bundle length under various macromolecular
crowded conditions. 30 mM Mg2+ bundles in increasing concentrations of (A) Ficoll (2-35% w/w)
and (B) PEG (1-10% w/w). Log-normal function appears to yield the best fit for bundle length
distributions. The solid line is log-normal and N ≈ 100-300.
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Figure S3. FTIR spectra of pure Ficoll 70 and polyethylene glycol (PEG) 8 kDa. Crowding agent
samples were measured depositing a 10 μL droplet on the attenuated total reflectance (ATR) prism.
Spectra were acquired with 200 scans per crowding sample and a spectral resolution of 4 cm-1.
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Figure S4. Macromolecular crowding agent Ficoll promotes transitioning of cation-induced actin
bundle secondary structure. FTIR absorbance spectra of cation-induced (30 mM Mg2+) actin
bundles (A) control, in presence of (B) 2% w/w Ficoll, (C) 20% w/w Ficoll, and (D) 35% w/w
Ficoll with corresponding deconvolution. Band assignment to the secondary structure elements:
α = α-helix, β = β-sheets, R = random coils, T = turns, L = loops, SC = side chains.
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Figure S5. Macromolecular crowding agent Ficoll alters the content of cation-induced actin bundle
secondary structure. Cation-induced (30 mM Mg2+) bundle secondary structure modulation
percentage for (A) aggregates, (B) random coil, (C) turn/loop, and (D) turns.
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Figure S6. Macromolecular crowding agent PEG alters cation-induced actin bundle secondary
structure. FTIR absorbance spectra of cation-induced (30 mM Mg2+) actin bundles (A) control, in
presence of (B) 1% w/w PEG, (C) 5% w/w PEG, and (D) 10% w/w PEG with corresponding
deconvolution. Band assignment to the secondary structure elements: α = α-helix, β = β-sheets, R
= random coils, T = turns, L = loops, SC = side chains.
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Figure S7. Macromolecular crowding agent PEG promote alterations in the content of cationinduced actin bundle secondary structure. Cation-induced (30 mM Mg2+) bundle secondary
structure percentage for (A) aggregates, (B) random coil, (C) turn/loop, and (D) turns.
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Figure S8. Depletion-induced actin bundles in the presence of ionic environments. (A) Illustration
of depletion-induced bundle experimental design with formation of bundles by addition of
crowding agent (Ficoll or PEG) and then placing bundles in divalent cation conditions. (B-C)
Average two-dimensional cosine correlation plotted as a function of segment lengths for (B) Ficoll
and (C) PEG bundles in 10-50 mM Mg2+ conditions.
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Figure S9. Ionic environments modulate depletion-induced actin bundle length distributions. (A)
20% Ficoll bundles and (B) 5% PEG bundles in the presence of increasing Mg2+ concentrations
(10-50 mM). Log-normal function appears to yield the best fit for bundle length distributions. The
solid line is log-normal and N ≈ 100-300.
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Figure S10. Ficoll-induced actin bundle secondary structure is minimally impacted by varying
ionic environments. FTIR absorbance spectra of Ficoll-induced (20% w/w Ficoll) actin bundles
(A) control, in presence of (B) 10 mM Mg2+, (C) 30 mM Mg2+, and (D) 50 mM Mg2+ with
corresponding deconvolution. Band assignment to the secondary structure elements: α = α-helix,
β = β-sheets, R = random coils, T = turns, L = loops, SC = side chains.
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Figure S11. Ficoll-induced actin bundles show minimal alterations to secondary structure content
in varying cation environments. Ficoll-induced (20% w/w Ficoll) bundle secondary structure
percentage for (A) aggregates, (B) random coil, (C) turn/loop, and (D) turns.
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Figure S12. PEG-induced actin bundle secondary structure in slightly affected by cation
environments. FTIR spectra (black line) of depletion-induced (5% w/w PEG) actin bundles (A)
control, in presence of (B) 10 mM Mg2+, (C) 30 mM Mg2+, and (D) 50 mM Mg2+ with
corresponding deconvolution. Band assignment to the secondary structure elements: α = α-helix,
β = β-sheets, R = random coils, T = turns, L = loops, SC = side chains.
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Figure S13. PEG-induced actin bundles secondary structure content is marginally impacted by
varying cation environments. PEG-induced (5% w/w PEG) bundle secondary structure percentage
for (A) aggregates, (B) random coil, (C) turn/loop, and (D) turns.
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Table S1. Quantification of cation- and depletion-induced actin bundle longitudinal Young’s
Modulus (𝐸) in the presence of varying macromolecular crowding or cation conditions.
Cation-induced Bundle E (kPa) Depletion-induced Bundle E (kPa)
Control (30 mM Mg2+)
9.8
Control (20% w/w Ficoll)
7.2
2+
+ 1% w/w Ficoll
1.3
+ 10 mM Mg
7.6
+ 5% w/w Ficoll
1.1
+ 30 mM Mg2+
28.5
2+
+ 10% w/w Ficoll
1.6
+ 50 mM Mg
5.6
+ 1% w/w PEG
3.6
Control (5% w/w PEG)
5.6
2+
+ 5% w/w PEG
21.2
+ 10 mM Mg
6.3
+ 10% w/w PEG
26.3
+ 30 mM Mg2+
0.8
2+
+ 50 mM Mg
4.8
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Table S2. FTIR deconvolution band assignment of the bundles in the presence of varying
concentrations of crowding agents and cations concentrations.
Position (cm-1)

Assignment

Structure

Ref

1538 - 1573

Amide 2

[164, 219, 220]

1603

C-N-H stretch (α-helix, β-sheet, Side
chains)
Side chains

1615

C=O stretch, intermolecular β-sheet

Amide 1

1625

C=O stretch, intramolecular β-sheet

Amide 1

1635

C=O stretch, intramolecular β-sheets

Amide 1

1645
1655
1665
1675
1683
1691

C=O stretch, Random coil
C=O stretch, α-helix
C=O stretch, Turns/loops
C=O stretch, Turns
C=O stretch, intermolecular β-sheets
C=O stretch, β-sheets

Amide 1
Amide 1
Amide 1
Amide 1
Amide 1
Amide 1
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[164, 221]
[158, 159, 222,
223]
[158, 159, 221,
223]
[158, 159, 221,
224]
[221, 225]
[158, 159, 221]
[221, 226]
[221, 226]
[158, 159, 221]
[221, 225]
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Figure S1. Distribution of cation-induced bundle height in various macromolecular crowded
environments. Cation-induced actin bundles in 1-10% w/w Ficoll (A) and PEG (B). The number
of measurements performed for each of the bundle conditions was ≈ 30.
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Figure S2. AFM imaging and force measurement on mica substrate. (A) Representative image of
mica substrate coated with APTES binding agent (0.1% v/v). (B) Representative transverse
Young’s modulus force curve measurement of mica coated with APTES.
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Figure S3. Cation-induced bundle Young’s Modulus (𝐸) distributions in various macromolecular
crowded environments. Cation-induced actin bundles in 1-10% w/w Ficoll (A) and PEG (B).
Number of force curves analyzed performed for each of the bundle conditions was N ≈ 150. The
line represents bundle 𝐸 distribution fit with either Gaussian (solid line), log-normal (dashed line),
or double exponential (dashed-dot) functions.
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Figure S4. Distribution of depletion-induced bundle height in various cation concentrations. (A)
Ficoll-induced and (B) PEG-induced actin bundles in 10-50 mM Mg2+. The number of
measurements performed for each of the bundle conditions was ≈ 30.
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Figure S5. Depletion-induced bundle Young’s Modulus (𝐸) distributions in various [Mg2+]. (A)
Ficoll-induced and (B) PEG-induced actin bundles in 10-50 mM Mg2+. Number of force curves
analyzed performed for each of the bundle conditions was N ≈ 150. The line represents bundle 𝐸
distribution fit with either Gaussian (solid line), log-normal (dashed line), or double exponential
(dashed-dot) functions.
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Figure S1. The assembly of cation-induced (30 mM Mg2+) actin bundles in the absence of
macromolecular crowding. (A-F) Cation-induced actin bundle formation in dilute buffer
conditions over 30 sec time-frame. Scale bar = 5 µm. [actin] = 5 µM. Interval time for each image
is 5 sec.
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Figure S2. Macromolecular crowding agent Ficoll modulates the assembly of cation-induced (30
mM Mg2+) actin bundles. (A-F) Cation-induced bundle formation in the presence of 5% w/w Ficoll
concentrations over 30 sec time-frame. Scale bar = 5 µm. [actin] = 5 µM. Interval time for each
image is 5 sec.
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Figure S3. Macromolecular crowding agent PEG influences the assembly of cation-induced (30
mM Mg2+) actin bundles. (A-F) Cation-induced bundle formation in the presence of 5% w/w PEG
concentrations over 30 sec time-frame. Scale bar = 5 µm. [actin] = 5 µM. Interval time for each
image is 5 sec.
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